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ABSTRACT 
 
Danielle J. Rognstad: Generating a greater understanding of resolvases in DNA damage repair 
and meiosis in flies 
(Under the direction of Jeff Sekelsky and Dorothy Erie) 
 
Recombination is the process by which genetic material is rearranged, and occurs in the 
formation of gametes in meiosis (meiotic recombination, MR) and in repairing DNA damage 
from lesions, replication errors or breaks (homologous recombination, HR). While the context of 
these recombination processes are unique in that they occur at a specific time and with a 
differently favored outcome, MR and HR share many similar steps and proteins that facilitate 
successful recombination. In this process, one broken DNA molecule invades an intact DNA 
molecule to use as a template for repair, but ultimately the two double helices must be 
disentangled by helicases, topoisomerases and/or nucleases. This work focuses on the 
biochemical characterization of two structure-selective nucleases in Drosophila melanogaster, 
Gen (in HR) and MEI-9 (in MR). The study of these enzymes in flies is unique in that the 
enzymes retain qualities found in their orthologs, but also play primary roles in MR and HR 
unlike in other species. Both proteins are implicated in the cleavage of a four-stranded 
recombination intermediate known as the Holliday junction (HJ). In this work, I will describe our 
understanding of recombination and the HJ intermediate along with the endonucleases 
implicated in their cleavage (Chapter 1), the biochemical activities of Drosophila DmGen and 
MEI-9 (Chapter 2 & 3), and the implications of our data on the current models of recombination 
as well as future experiments to tease apart different models (Chapter 4). 
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CHAPTER 1. INTRODUCTION 
  
Genome Stability includes repair, replication and reproduction 
DNA metabolism – replication, repair, and recombination – are three interrelated 
processes that ultimately ensure the fitness of any organism and the proliferation of a species. 
These processes safeguard genetic integrity through ensuring faithful synthesis and passage of an 
entire genome. DNA double strand breaks (DSBs) present one of the greatest threats to genome 
integrity because this break in both strands leave the damaged molecule without an internal 
template for repair. DSBs can occur directly from exogenous sources such as ionizing radiation 
and endogenous sources such as enzymes that create programmed DSBs for vital cellular 
processes like antibody production and gamete formation. Base adducts, single strand breaks and 
interstrand crosslink caused by ultraviolet (UV) radiation, chemicals and cellular metabolites can 
develop into DSBs if these lesions are not properly repaired. Frequently, these alterations of the 
genome are only exposed during replication when each strand must be unwound and duplicated 
accurately. Thus, replisome-encountered damage and damage that occurs as a result of 
replication itself, such as stalled or collapsed forks, can lead to DSBs.  
Depending on the cell-type and cycle timing of the break, two broad repair options or 
pathways are available to fix DSBs: end joining (EJ) or homologous recombination (HR), and 
each pathway has its own benefits and drawbacks. EJ can repair the break in a quick, relatively 
simple fashion by ligating the two ends of the break together, but this rapid and straightforward 
pathway ultimately results in loss of sequence at or around the break. Conversely, HR is 
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considered a high fidelity pathway for repair, with the sequence flanking the break finding 
homology in a sister chromatid (if after cell-cycle synthesis) or a homologous chromosome. 
Once homology is located, the broken strands can synthesize missing sequence using a complete 
template, resulting in the entanglement of two separate double helices known as a Holliday 
Junction (HJ). Depending on the context, the HJ can be processed in multiple ways, ranging from 
highly accurate repair, as in HR repair of spontaneous DSBs, or conversely, highly 
recombinogenic repair, as in HR repair of programmed breaks in meiosis (referred to as meiotic 
recombination (MR)). Despite the differently favored outcomes, HR and MR share 
commonalities in the DNA processing steps and the proteins involved in each. Resolvases, a sub-
group of structure-selective endonucleases that cut HJs, are one of the many proteins whose roles 
partially or full-overlap in both types of recombination. Both the identity of the resolvase and 
frequency of its depends on the type of recombination and the species in which recombination is 
occurring. In this introduction, I will share a historical perspective of the proposal and later 
identification of HJs and their enzymatic cleavers, resolvases, in recombination. A chronological 
understanding of the recombination field greatly explains the standards and implications that 
these initial studies placed on characterization of later identified branched substrate enzymes and 
why the study of these enzymes in Drosophila questions these longstanding dogmas. 
Genetic Studies led to Initial Models of Recombination which include a Holliday Junction 
Intermediate 
An understanding of recombination dates back to early observations of non-Mendelian 
inheritance from Drosophila and maize describing the “reciprocal exchange of genetic material 
between two chromosomes”, now known as crossovers (COs), even before knowledge of the 
composition and structure of genetic material (Creighton and McClintock, 1931; Stern, 1931). 
 3 
Evidence of replication and recombination in bacteria, phages and fungi formed the foundation 
of molecular models of recombination. Fungi provided a particularly useful system from which 
genetic inheritance could be easily tracked. Following recombination, four chromatids are each 
contained in separate spore within one larger sac, or ascus. The genotype of each of the resulting 
spores revealed varying patterns of inheritance; some spores identical to parental, others a 
combination of the two. In order to explain these gamete patterns, initial models were created, 
each beginning with a break or nick that allowed replication to occur off of a homologous 
chromosome. However, the model that gained most acceptance, perhaps for its ability to 
encompass the current body of data and its simplicity compared to other models, is the model 
proposed by Robin Holliday (Holliday 1964). Holliday’s model was based on studies of both UV 
damage sensitivities and recombination, as shared genes evidenced a clear link between the two 
processes (Holliday 1964). This model, like others, included initiating nicked DNA, and the 
formation of heteroduplex DNA that could be repaired as a homoduplex of either sequences by 
mismatch repair mechanisms. The intermediate of this model, a joint molecule of two entangled 
helices, took on Holliday’s namesake (although this structure had originally appeared in earlier 
models) (Meselson & Weigle 1961). While many of these original features have remained intact 
over years of accumulating research, not all results could be explained by Holliday’s model. 
After twenty more years of revisions and a greater understanding of the initiating steps of 
recombination, Szostak et. al. proposed a model that includes an initiating DSB that is processed 
into a double Holliday Junction intermediate (dHJ) (Szostak et. al. 1983). The cleavage of this 
dHJ determines whether the final products are crossovers or non-crossovers. While we now 
know of bifurcations in this model, the Szostak model of DSB repair has been the long-standing 
model of recombination.  
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Figure 1.1. Model for Eukaryotic Recombination. The current model for double strand break repair via 
recombination in mitosis (mitotically cycling cells) or meiosis based mainly on the double Holliday 
Junction model by Szostak et. al. 1983 and synthesis-dependent strand annealing model (SDSA) (Nassif 
et. al. 1994). (A) Recombination begins with a double strand break (orange helix DNA) that will be 
selectively repaired off of either the sister chromatid in mitosis (green helix DNA; left) or the 
homologous chromosome in meiosis (green helix DNA; right). (B) Resection of the 5’ ends of the break 
yield 3’ ssDNA tails. Circles at the end of strands denote 3’ end. (C) RAD51 coated 3’ ssDNA tail finds 
homology in repair template, creating a displacement loop (D-loop) and new synthesis occurs (light 
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green). (D) Helicases (BLM, FANCM) unwind the D-loop for an early exit in the repair path yielding a 
non-crossover product via SDSA (blue box). (E) If SDSA does not occur, further synthesis and second 
end capture (other end of the break can bind to the D-loop) via RAD52 can occur. (F) Futher synthesis 
and ligation yields the double HJ intermediate which can be processed in one of two ways, dissolution (G; 
teal box) or resolution (H; red box). (G) The BLM-Top3α-RMI1/2 (BTR) complex can migrate the two 
HJs together through decatenation, yielding a non-crossover product. (H) Alternatively, resolvases can 
cleave HJs in a symmetric (left) or asymmetric (right) orientation yielding a non-crossover or crossover 
product, respectively. In mitotic recombination (homologous recombination), pathways (D) and (G) are 
thought to dominate repair outcomes, whereas in meiotic recombination, pathways (D), (G) and (H; 
crossover) are thought to occur. 
  
The Double Strand Break Repair Model for Meiotic and Mitotic Recombination 
Our current understanding of recombination begins with a DSB (Figure 1.1A), followed 
by resection at the end of the break to leave 3’ single strand DNA ends (Figure 1.1B). One 3’ 
end, coated with RAD51 will search for a homologous template either from the nearby sister 
chromatid (if available) or homologous chromosome (Figure 1.1C). The 3’ end invades the 
duplexed template to create a displacement loop (D-loop). At this point, there are two options for 
repair, and the pathway utilized is most likely the outcome of various factors such as timing, 
protein availability, etc. One pathway commonly utilized in Drosophila (and other organisms) in 
mitotic cells for repair of spontaneous breaks is synthesis dependent strand annealing (SDSA) 
(Figure 1.1D; Nassif et. al. 1994). In SDSA, following synthesis off of the template, the D-loop 
is disrupted by the action of helicases such as BLM, and the newly synthesized DNA can join 
back with the other broken strand and act as a template for the gapped repair. If, instead of D-
loop disruption (and thereby avoiding SDSA), the invading strand continues synthesis across the 
D-loop, second end capture can occur, which anneals the other broken strand to the top of the D-
loop (Figure 1.1E). If ligation occurs, two Holliday junctions are stabilized between the 
originally broken strands and the template strands (Figure 1.1F). Again, another decision point 
lies here: whether to (1) dissolve the two HJs by the helicase-topoisomerase complex of BLM-
Top3α-Rmi1/2 (BTR complex) resulting in exclusively non-crossover products (Figure 1.1G) or 
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whether to (2) cut the HJs by resolvases leading to both crossovers and non-crossovers (Figure 
1.1H) (Wu and Hickson 2003). This decision point is considered alternatively regulated in 
mitotic recombination as compared to meiotic recombination. In mitotically dividing cells, most 
DSBs are ultimately repaired as non-crossovers either from an early exit in HR via SDSA or by 
the decatenation (termed “dissolution” as opposed to the “resolution” activity of resolvases) by 
the BTR complex. These non-crossover pathways are thought to prevent potential loss of 
heterozygosity, or the loss of a single wild type allele in a diploid cell, that could arise from the 
result of crossover formation. Conversely, crossovers are specifically selected for in the context 
of meiosis. Meiotic crossovers create the foundation for chiasmata, or physical links between 
two homologous chromosomes. This link ensures that during the first of two meiotic divisions, 
the homologous chromosomes will align at the metaphase plate. Failure to form chiasmata result 
in missegration of chromosomes, and potentially to genetic disorders such as Down syndrome, 
which is characterized by an additional copy of chromosome 21 (trisomy 21) (Handel and 
Schimenti 2010). However, if segregation occurs properly during meiosis, the resulting progeny 
will contain recombinant chromosomes with half the genetic information of the parental 
precursor cell. Because the resulting products of meiosis contain only half the genetic inheritance 
of a new organism, meiotic crossovers do not possess a potential danger like mitotic crossovers, 
but instead create genetic diversity in species. 
While divergent in preferred outcomes, meiotic and homologous recombination models 
both rely on the existence of an HJ intermediate and the enzymes, termed HJ resolvases, to 
explain the observed outcomes of recombination accumulated from the studies of bacteria, yeast 
and phage.  
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Evidence for Holliday Junctions and Resolvases 
When the Holliday model was first proposed, there was no physical evidence of HJs as 
intermediates of repair, but rather these models were speculated to explain the results of 
recombination from genetic studies. Several breakthroughs later were integral in the validation of 
the HJ intermediate and concurrently, the identification of HJ resolvases. HJs were first 
visualized as recombination intermediates from phage and yeast by electron microscopy. (Potter 
and Dressler 1976) (Bell and Byers 1979). These phage plasmids were then utilized in vitro (1) 
as substrates to identify the first enzyme with HJ cleavage abilities from phage (Mizuuchi 1982) 
and (2) as control DNA substrates to determine the mobility of recombination intermediates by 
2D-gel analysis (Bell & Byers 1983)(Collins & Newton 1994)(Schwacha & Kleckner 1995). 
Soon after, in vitro HJ structures became even easier to make by annealing synthetic oligos 
(Kallenbach et. al. 1983). This technological advancement was paramount for the future 
identification of the prokaryotic, archaeal and eukaryotic resolvases. Following the identification 
of phage enzymes able to cut HJ, the characterization of bacterial RuvC as a canonical HJ cutter 
defined the resolvase field and set the standard for which a long and arduous search for a 
eukaryotic enzyme with identical biochemical and genetic properties of RuvC. In the next 
sections, a description of the major “resolvases” across kingdoms is described in (mostly) 
chronological order as to understand the criteria set for eukaryotic enzymes. 
Prokaryotic Resolvases 
Phage  
 Resolvases were first discovered from bacteriophages as important enzymes in the 
packaging of DNA into capsid heads or to recombine with host bacterial DNA to create 
prophage. T4 endonuclease VII was the first visual identification of resolvase activity from in 
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vitro work (Mizuuchi 1982). Previous genetic studies of the gene (gene 49) responsible for 
endonuclease VII in bacteriophage T4 showed that mutations in gene 49 resulted in highly 
branched DNA structures, leading to abortive infections as the DNA could not be properly 
packed in capsid heads (Kemper and Brown 1976). Later substrate characterization and 
stoichiometry studies showed that T4 endonuclease VII exists as a homodimer and cleaves a 
variety of DNA structures including Y structures, five and six armed DNA, hairpins, nicked and 
gapped DNA, and mismatched DNA, and its cleavage had little to no sequence specificity 
(Kemper et. al. 1990). T7 endonuclease I also shares similar biochemical characteristics to T4 
endonuclease VII, but diverges in amino acid sequence and overall structure (Dickie et. al. 1987) 
(Raaijmakers et. al. 1999) (Hadden et. al. 2001).  
 RusA was identified in E. coli as a mutation that suppressed of DNA repair defects in ruv 
mutants (see below for more on RuvC). Rus-1, named for ruv suppressor, was determined to be 
an upstream mutation causing expression of a defective prophage from phage 82 (Mahdi et. al. 
1996). While RusA largely prefers HJs in vitro and in vivo, it can also cleave flaps and forks 
(Bolt and Lloyd 2002). 
Bacterial 
 RuvC was identified as the first cellular resolvase in prokaryotes (Connolly & 
West 1990)(Connolly et. al. 1991)(Sharples & Lloyd 1991)(Dunderdale et. al. 1991)(Isasaki et. 
al. 1991)(Takahagi et. al. 1991). Most significantly, RuvC cleaved symmetrically about the HJ 
junction axis, resulting in nicked duplex products that can be ligated without further processing 
(Bennet et. al. 1993). While initial biochemical characterization suggested a strong preference 
for HJs containing a mobile core over all other substrates, the identification of sequence 
specificity directing cleavage in later studies concluded that 3-arm and 4-arm structures without 
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mobile cores can be cleaved efficiently by RuvC when these structures contain the consensus 
sequence 5’-A/TTTêG/C-3’ at the junction (Fogg et. al. 1999). RuvC works in concert with 
helicase complex RuvAB that drives branch migration of HJs for RuvC to cleave at this 
preferred site (Fogg et. al. 1999). Similar to phage resolvases, RuvC exists as a homodimer, but 
its narrow range of preferred substrates and its sequence specificity were distinct qualities from 
that of phage resolvases. In bacteria, ruvC mutants display DNA damaging sensitivities to UV 
and mitomycin C (MMC) and slightly reduced recombination, supporting the idea that HJ 
resolution occurs in both DNA damage repair and recombination (Shurvinton & Lloyd 
1982)(Lloyd & Sharples 1992). Together, these genetic and biochemical properties of RuvC 
became the guiding standard from which the search for eukaryotic resolvases proceeded. 
Furthermore, the ability to ligate the cleavage products became the benchmark for canonical 
resolvase activity in vitro (the RuvC paradigm) and acts to define whether an enzyme can truly 
be classified as a “canonical resolvase” (West 2009). 
Archaeal Resolvases 
Hjc (Holliday junction cleavage) was identified in Pyrococcus furiosus by its in vitro 
cleavage activity and was shown to cleave HJs from branch migrated substrates by RecA 
(RAD51 in humans) (Kimori et. al. 1999). Further substrate specificity studies of Hjc show that 
it cut other substrates including 3-armed structures and looped out DNA. Hjc was shown to 
create ligatable nicked duplexes, and thus deemed a canonical resolvase (Kimori et. al. 2000). 
Hje (Holliday junction endonuclease) was identified by similar technique in thermophilic 
crenarchaeote Sulfolobus solfataricus (Kvaratskhelia & White 2000). Hje is specific for HJ 
cleavage only, and cuts on the continuous strands of the junction and has no sequence specificity 
for cleavage like RuvC. Thus, Hje is a strict resolvase without sequence preference. Some 
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archaeal species have both Hje and Hjc, and studies in Sulfolobus islandicus showed that while 
deletion of both resolvases was lethal, deletion of Hje but not Hjc caused DNA damage 
sensitivities (Huang et. al. 2015). 
Eukaryotic Resolvases   
A large challenge in identifying resolvases is a lack of sequence and structure 
conservation. Consequently, while the primary and tertiary structures had been elucidated for 
phage, prokaryotic and archaeal resolvases, these data did not facilitate the identification of 
orthologs in higher species (Sharples 2001). 
Mitochondrial Resolvases 
Several groups reported a cleavage activity on extruded cruciforms (which resemble HJs) 
from budding yeast extracts (Symington & Kolodner 1985) (West & Körner 1985). This activity 
was later attributed to Cruciform Cutting Enzyme (Cce1) of the mitochondria and thus 
mutations in cce1 lacked the classical mutant phenotypes associated with resolvase loss in 
bacteria  (Kleff et. al. 1992). Like RuvC, CCE1 exists as a homodimer, prefers HJs and has a 
sequence specificity of 5’-ACTêA-3’ (Schofield et al., 1998). Through protein sequence 
conservation, a CCE1 homolog in S. pombe, Ydc2 was identified with similar biochemical 
properties (Oram et. al. 1998) These studies, showing similar parallels, at least biochemically, to 
RuvC ultimately gave hope to the field for a continued search for the nuclear resolvase. 
Nuclear Resolvases 
Eukaryotic nuclear resolvases are characterized as members of three endonuclease 
families: Hef family, FEN1/XPG family, and GIY-YIG nuclease family. Additionally, the Hef 
family resolvases and the GIY-YIG nuclease family resolvases are suggested to complex 
together in di- and tri-nuclease complexes. As described for each enzyme, the proposed 
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resolvases do not display all of the characteristic RuvC properties of genetics and biochemistry. 
First, none of the eukaryotic resolvases homodimerize, and instead exist either as monomers or 
heterodimers with only one nuclease domain. Second, all of the resolvases cleave other branched 
DNA substrates such as flaps, replication forks and splayed arms (Y structures). Finally, many of 
the proposed eukaryotic resolvases do not display the characteristic properties of a resolvase in 
vivo, such as reduced meiotic recombination and/or DNA damage sensitivities.  
Hef family 
(Helicase-associated endonuclease for fork-structured DNA) (Komori et. al. 2002) Archaeal 
structure selective endonuclease Hef was identified from Pyrococcus furiosus in a screen with 
archaeal resolvase Hjc to identify a gene that enhanced HJ cleavage. The C-terminal 
endonuclease cleaves on the 5’ side of nicked or flapped positions in duplex DNA and 
replication forks, but does not cleave HJs. Hef is a homodimeric protein containing a C-terminal 
nuclease domain and an N-terminal helicase domain. (Nishino et. al. 2003)  Some eukaryotic Hef 
family proteins contain either an active nuclease or helicase domain. Other eukaryotic members 
appear to be truncated versions of Hef with an inactive nuclease or helicase domain and these 
smaller members heterodimerize with a larger family member. The two eukaryotic Hef family 
heteodimers with endonuclease activity are XPF-ERCC1 and MUS81-EME1 described below 
and their activity as resolvases is described. 
XPF-ERCC1 
Budding yeast Rad1-10 (radiation sensitive)(XPF-ERCC1 (excision repair cross 
complementing in humans)) was initially identified by mutant sensitivities to UV, and its 
orthologs across species are well characterized in their cleavage role in nucleotide excision repair 
(NER) of 4.6-photoproducts and pyrimidine dimers from UV damage (reviewed in Ciccia et. al. 
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2008). Additionally, XPF-ERCC1 is involved in the repair of ICLs (Fisher et. al. 2008) 
(Hashimoto et. al. 2016). With roles in at least two DNA repair pathways, Mutations in XPF 
cause several damage associated diseases, with the two most well-documented being Xeroderma 
Pigmentosum (XP), a disease associated with extreme sensitivity to sunlight and high incidence 
of cancer and Fanconi Anemia (FA), associated with cancer, bone marrow failure, congenital and 
endocrine defects  (Klein Douwel et. al. 2017). In yeast, Rad1-10 was thought to be involved in 
recombination because mutations in either gene would cause a reduction in mitotic 
recombination in repetitive sequences (Klein, 1988; Schiestl and Prakash, 1988, 1990; Prado and 
Aguilera, 1995). The Prakash lab reported that Rad1 alone cleaved mobile HJs (Habraken et. al. 
1994), but the West lab attempted to repeat these experiments, and did not see cleavage of HJs 
with Rad1 alone or in complex with Rad10 (Davies et. al. 1995). Instead, Rad1-Rad10 was 
thought to be responsible for cleavage of flap DNA following annealing of repetitive sequences 
in single-strand annealing (SSA). In vitro studies of orthologs in mice and humans show that 
XPF-ERCC1 cuts stemloop and bubble structures, both of which mimic NER substrates in vivo 
(Ciccia et. al. 2008). Reported cleavage of SAs and 3’flaps by XPF-ERCC1 have been 
inconsistent across studies. Some studies show that the heterodimer alone can cleave these 
structures while other studies implicate a trimer of SLX4-XPF-ERCC1 in the cleavage of SAs 
and 3’flaps(Park et. al. 1995)(Bessho et. al. 1997)(de Laat et. al. 1998)(Tsodikov et. al. 2005) 
(Kuraoka et. al. 2000) (Hodkinson et. al. 2014). In fruit flies, XPF-ERCC1 (MEI-9-ERCC1) has 
an additional role in meiosis and is proposed to be the primary meiotic resolvase as mutations in 
these genes cause ~90% reduction in meiotic crossovers (Sekelsky et. al. 1995). (For more 
details on MEI-9, please refer to chapter 3). 
MUS81-EME1 
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Mus81 (Methyl methansulfonate, UV sensitive) was identified as clone 81 from a yeast 
two-hybrid screen with Rad54 protein (a recombination gene) as bait (Interthal & Heyer 2000). 
Mus81 contains a C-terminal nuclease domain with homology to the XPF superfamily. As the 
name suggests, mus81 mutants are sensitive to methyl methanesulfonate (MMS) and UV; 
however, no sensitivity was observed to γ-radiation or DSBs caused by HO endonuclease 
(Interhal & Heyer 2000). Mus81 sgs1 (Blm in humans) double mutants are synthetically lethal 
(Kaliraman et. al. 2001). Additionally, mus81 mutants showed reduced sporulation, indicative of 
meiotic defects (Interhal & Heyer 2000). Later, the binding partner of Mus81 was identified as 
Eme1 (Essential meiotic endonuclease 1) in fission yeast or Mms4 (named because of its 
sensitivity to the drug) in Budding yeast. Fission yeast mus81 showed similar DNA damage 
sensitivities but an even greater meiotic defect of unsegregated DNA following meiosis I 
division (Boddy et. al. 2001). This meiotic phenotype was partially rescued by expressing of 
resolvase RusA, and partial purification of Mus81 cleaved HJs, but left products that were 
unligatable (Boddy et. al. 2001). Beyond yeast, Mus81 in higher eukaryotes has a secondary role 
in meiosis, creating COs that lack the typical regulations of meiotic COs (Interthal & Heyer 
2000) (Oh et. al. 2008). Mutations in human Mus81 are not associated with any diseases, but 
two mouse model knockout studies reported differing results as to whether tumorigenesis 
increased in these mice (Osman and Whitby 2007) (Dendouga et. al. 2005). Further biochemical 
characterization of Mus81-Eme1 heterodimers across species gave inconsistent conclusions on 
substrate specificity depending on the protein source (endogenous or recombinant) (Boddy et. 
al. 2001)(Chen et. al. 2001)(Doe et. al. 2002)(Whitby et. al. 2003)(Kaliraman et. al. 
2001)(Constantinou et. al. 2002)(Blais et. al. 2004) (Ogrunc et. al. 2003) (Ciccia et. al. 2003). 
Following rigorous characterization of ScMus81-Mms4, the Heyer lab showed that the 
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heterodimer cleaved 3’flaps, 5’flaps, replication forks, splayed arms, D loops and nicked HJs, 
but not intact HJs (Ehmsen & Heyer 2008). This was a great perplexity for the recombination 
field: the gene displaying sensitivity to DNA damage and recombination phenotypes in yeast did 
not cut intact HJs in the same fashion as RuvC, and thus was not considered a canonical 
resolvase. So the search continued. 
FEN1 family  
FEN1 is a well-documented flap cutter during maturation of Okasaki fragments of 
replication. FEN1 cleaves RNA primers during lagging strand synthesis. Once a fragment is 
synthesized, it displaces the RNA primer upstream, leading to a 5’flap that must be cleaved 
(Bambara et. al. 1997). FEN1 is also involved in DNA damage repair processes such as long 
patch base excision repair (LP-BER) “multi-nucleotide gap filling” for the removal of a damaged 
base (Prasad et. al. 2000). FEN1 orthologs are found in bacteriophage, archaea, bacteria (a 
domain within Pol I of E. coli) and eukaryotes (Hosfield et. al. 1998) and appear to be essential 
as mutations in FEN1 are either lethal or cause mutator phenotypes (reviewed in Balakrishnan & 
Bambara 2013). FEN1 protein family members are all involved in DNA repair and maintenance, 
and contain an N-terminal (N) and internal (I) nuclease domains (Ip et. al. 2008). Other members 
include XPG, involved in NER and responsible for the cut of opposite polarity from XPF; 
EXO1, involved in resection of DSBs and mismatch repair (MMR), and GEN1, the first 
identified canonical eukaryotic resolvase. 
Yen1/GEN1 
Yen1 from budding yeast and GEN1 from humans were discovered to have resolvase 
function through the same identification scheme of in vitro detection of HJ cleavage used to 
identify archaeal resolvases, but albeit at a much larger scale. 200 liters of HeLa cells were 
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fractionated to discover GEN1 and 1,100 low expressing TAP-tagged gene stains of budding 
yeast were tested to discover Yen1 (Ip et. al. 2008). GEN1/Yen1 cleavage activity is not 
exclusive to HJs, but they also have overlapping substrate specificity with other members of the 
FEN1 family, cleaving 5’flaps and replication forks (Ip et. al. 2008). Unique, to this member, at 
least reported with GEN1, was the ability to cleave mobile and immobile HJs in a manner that 
creates nicked duplex products that can be religated without any further processing (Ip et. al. 
2008). Finally, after a twenty-year investigation, it seemed as though the search was complete 
for the eukaryotic counterpart of RuvC; surprisingly, loss of Yen1 or GEN1 does not make cells 
sensitive to DNA damaging agents nor do they show a reduction in recombination, or synthetic 
lethality with sgs1/Blm. Instead, Yen1 and GEN1 seemed to be a backup to Mus81 as mutations 
in yen1 in a mus81 null background were more sensitive to damage than mus81 single mutants 
(Matos et. al. 2010). This was quite the quandary since Mus81 was not considered a canonical 
resolvase since it preferred nicked HJs and this intermediate was not part of the DSBR model. 
Studies to elucidate the temporal relationship of GEN1/Yen1 and MUS81 gave insight 
into Yen1’s role as a backup enzyme. Yen1 and GEN1 are restricted from the DNA until mitosis 
by two different mechanisms of control: phosphorylation states in yeast and nuclear export signal 
for human. In yeast, Mus81 and Yen1 are regulated by cell cycle-dependent phosphorylation and 
dephosphorylation, which determine which enzyme has access to the DNA first. In yeast, 
Mus81’s binding partner, Mms4, is phosphorylated by Cdk/Cdc5 at G2/M, allowing for earlier 
access to any persistent joint molecules (JM) that escaped the dissolution activity of the BLM 
complex (Gallo-Fernandez et al., 2012; Matos et al., 2011, 2013; Szakal and Branzei, 2013). 
Whereas Yen1 is phosphorylated by Cdk to cause exclusion from the nucleus, and the 
dephosphorylation by Cdc14 allows for entrance into the nucleus at late anaphase (Matos et. al. 
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2014) (Eissler et. al. 2014). In support of these findings, dephosphorylated Yen1 shows high 
activity on HJs whereas phosphorylated version does not (Matos et. al. 2014) (Eissler et. al. 
2014). In humans, a similar relationship was detected, however GEN1’s activity is not regulated 
by phosphorylation states, but rather by nuclear envelope breakdown as GEN1 contains a nuclear 
export signal (NES) that prevents its access until nuclear envelope breakdown (Chan & West 
2014). While these data help explain how Yen1/GEN1 play a secondary role in repair, the 
question still remains as to why the canonical resolvase is not the first response for repair. More 
recently, several studies have suggested that Yen1/GEN1 may cleave non-HJ structures in vivo; 
however, these findings tend to be deemphasized by a consistent focus Yen1/GEN1’s canonical 
resolvase activity (Malacaria et. al. 2017)(Ölmezer et. al. 2016)(García-Luis and Machín 2014). 
Interestingly, the relationship between Mus81 and GEN1 is reversed in Drosophila as its 
ortholog, Gen, is the preferred enzyme for response compared to Mus81. In Drosophila, 
mutations in Blm are synthetically lethal with both mus81 mutations and Gen mutations 
{Trowbridge, 2007 #2963;Andersen, 2011 #3238}. Gen Blm double mutants die much earlier in 
development than mus81 Blm mutants, due at least in part to recombination defects, suggesting 
that Gen may be the primary HJ resolvase in Drosophila (this relationship is explored in Chapter 
2 of this work). 
GIY-YIG nuclease family 
The GIY-YIG nuclease domain (or URI domain) is found in numerous proteins including 
homing enzymes, restriction enzymes and bacterial NER nuclease UvrC  (Sokolowska et. al. 
2010). Thus far, only two GIY-YIG nuclease family proteins have been suggested in DNA 
damage repair in eukaryotes, ANKLE1 and SLX1), and only SLX1 has been suggested to cleave 
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HJs (Braun et. al. 2016)(Fricke & Brill 2003) Fekairi et al., 2009; Muñoz et al., 2009; Svendsen 
et al., 2009.  
SLX1-SLX4 
Yeast slx1 and slx4 (synthetic lethal of unknown function) were identified in a screen for 
mutants synthetically lethal with sgs1 (Mullen et. al. 2001). Slx1 sgs1 or slx4 sgs1 lethalities are 
not suppressed in a rad52 background, suggesting that the lethality of the complex is 
independent of HR (Fabre et al. 2002; Bastin-Shanower et al. 2003). Neither single mutant has a 
meiotic phenotype, but slx1 showed slight sensitivity to MMS while slx4 was more sensitive 
(Fricke & Brill 2003). Initial substrate specificity of Slx1-Slx4 from budding yeast showed 
preference for 5’flaps, splayed arms and replication forks, with only minimal cleavage of HJs. 
Slx1-4 failed to create the iconic religatable nicked duplexes, and therefore was not considered a 
true resolvase (Fricke & Brill 2003). Interest was regenerated for the Slx1-4 complex when 
several studies simultaneously published the identification of Slx1 and highly divergent 
orthologs of Slx4 in higher species (Andersen et al., 2009; Fekairi et al., 2009; Muñoz et al., 
2009; Svendsen et al., 2009). Interestingly, the first higher eukaryotic ortholog of Slx4 had 
already been characterized in Drosophila as MUS312, as an essential gene for meiotic 
recombination that interacted with the XPF orthologs in flies, MEI-9 but its homology with Slx4 
had not been detected at the time (Yιldιz et. al. 2002). One clearly complicating factor for 
determining substrate specificity of SLX1-SLX4 from mice and humans was the identification 
of multiple structure specific endonuclease partners of the SLX4 scaffolding protein. Not only 
did SLX4 interact with endonuclease SLX1, but also two Hef-family nucleases, MUS81 and 
XPF (Fekairi et al., 2009; Muñoz et al., 2009; Svendsen et al., 2009). Biochemical 
characterizations of either immunoprecipitated SLX4 complexes or recombinant bacterial 
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expressions of SLX1-SLX4 truncations identified substrate specificities that were inconsistent 
across studies. All groups showed that SLX1-SLX4 cleaved HJs, but some groups observed 
splayed arm cleavage and 5’flap cleavage while others did not (Fekairi et al., 2009; Muñoz et 
al., 2009; Svendsen et al., 2009). Interestingly, SLX1 and a C-terminal truncation of SLX4 that 
preserves the SLX1-SLX4 interaction but would abolish interaction with other nucleases 
expressed in E. coli cleaved HJs in a religatable manner (Fekairi et. al. 2013)! Thus, another 
canonical resolvase was identified, but it was also clear from in vitro analysis that both MUS81-
EME1 and SLX1 were active on HJs when the nucleases were complexed together on SLX4 
(Fekairi et al., 2009; Muñoz et al., 2009; Svendsen et al., 2009).  
Just like the ambiguities in substrate cleavage, so too were there ambiguities in the in vivo 
roles of SLX1 and SLX4. Genetic studies were challenging to interpret because (1) SLX4 binds 
to multiple nucleases and (2) the efficiency and discrepancies in knockdowns resulted in some 
groups observing that a knockdown of SLX4 destabilized SLX1, while others observed 
reciprocal destabilization of SLX4 and SLX1 following either knockdown, and still others did 
not observe either interdependency (Andersen et. al. 2009)(Muñoz et. al 2009)(Fekairi et al., 
2009)(Svendsen et al., 2009)(Wechsler et. al. 2011) (Castor et. al. 2013). Sensitivities to TopoI 
poison Camptothecin (CPT) and crosslink inducing agents of Cisplatin, MMC and nitrogen 
mustard (NH2) was observed for SLX4, and to a much lesser extent, SLX1 (Andersen et. al. 
2009)(Muñoz et. al 2009)(Fekairi et al., 2009)(Svendsen et al., 2009). Some groups saw 
sensitivities to alkylating agent MMS and double strand break inducing IR, while other groups 
did not observe these sensitivities (Andersen et. al. 2009, Fekairi et al., 2009)(Svendsen et al., 
2009, Muñoz et. al 2009). Furthermore, a deduction in relative HR was observed in SLX4 and 
SLX1 knockdowns Svendsen et al., 2009, Muñoz et. al 2009) and it was clear from Drosophila 
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that the SLX4 ortholog, MUS312 was essential for meiotic recombination. Fekairi et al. 
predicted that based on its sensitivities and interactions with multiple nucleases, SLX4 could be 
involved in Fanconi Anemia, which was later confirmed (SLX4 is also known as FANCP) (Kim 
et. al. 2011). 
SLX4 complexes 
MUS-SLX complex 
 
Following the discovery of a dual interaction of SLX1 and MUS81 with SLX4, there was 
much anticipation in determining whether these two nucleases act in concert to resolve repair 
intermediates resembling HJs. The work of Svendsen et al., 2009, Muñoz et. al 2009 was highly 
suggestive of an in vivo activity of SLX1-MUS81-SLX4 (hereafter referred to as MUS-SLX), 
but not yet validated. The work of Wechlser et. al. 2011 showed that in Bloom syndrome patient 
derived cells (Blm-), MUS81 and SLX4-SLX1 were responsible for the elevated sister chromatid 
exchange (SCE) phenotype associated with Bloom’s syndrome, suggesting that this activity was 
the nucleolytic resolution of HJs normally dissolved by the BTR complex (see Figure 1.1G) (Wu 
and Hickson 2003). Additionally, this work showed that GEN1 was secondary to the activity of 
MUS-SLX in BLM- cells. Further understanding of the SLX-MUS complex came in 2013 when 
another flurry of work was published simultaneously regarding its in vitro and in vivo activities, 
but again these studies had inconsistencies in their findings (Wyatt et. al. 2013) (Castor et. al. 
2013) (Gartner et. al. 2013). Extensive biochemical analysis of full-length recombinant SLX1-
SLX4 showed that although this heterodimer had some canonical resolvase activity, it was 
clearly a potent nickase, cutting replication forks, HJs (in various locations in and outside of the 
junction core) and 3’ and 5’ flaps (Wyatt et. al. 2013). The reconstituted SLX-MUS complex 
showed that the complex could assemble on a HJ and that the nicking produced by SLX1 created 
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the preferred substrate for MUS81 to orchestrate the counter nick (Wyatt et. al. 2013). This work 
further emphasized the role of MUS-SLX or GEN1 in vivo in Blm- cells and in normal cells 
treated with Cisplatin (causing ICLs). In Fanconi anemia patient cells with mutations in SLX4, 
work from Garner et. al. 2013 corroborated the findings that a MUS-SLX acts together in the 
absence of BLM or in normal cells treated with MMC (causing ICLs). In contrast to the Wyatt 
et. al. study, the Garner et. al. study found that the presence of GEN1 did not exist as an 
alternative pathway because SLX4- BLM- was synthetically lethal. Furthermore, even in the 
presence of BLM, the processing of intermediates in the absence of damage required either the 
activity of SLX4 or GEN1 as deficiencies in both also displayed synthetic lethality. Expression 
of bacterial resolvase RusA phenocopied the aberrant chromosome morphologies seen in SLX4-
null, BLM or GEN1 depleted cells, which the group concludes that the morphologies are due to 
resolvase activity (though they fail to acknowledge that RusA is also active on flaps and 
replication forks as well as HJs (Bolt & Lloyd 2002), see above section and discussion section). 
Finally, work with the murine orthologs of SLX1-SLX4 and MUS81 concluded that a MUS-SLX 
complex is responsible for SCE in the absence of BLM in murine cells (Castor et. al. 2013). 
These studies included an elegantly conducted experiment to determine whether or not the SCE 
occurred from the resolution of HJs. Here, the group created a nuclease-dead SLX1 tethered to 
Hje, a very specific HJ resolvase from archaea (see above). In Slx1-/-Mus81-/-MEFs with BLM 
knockdowns, SLX1Dead-Hje phenocopied the elevated SCEs seen in the absence of BLM (Castor 
et. al. 2013). Unlike the studies of ICL repair in human cells, the Castor et. al. 2013 study 
concludes while SLX1 and MUS81 are involved in providing resistance to MMC, a MUS-SLX 
resolvase complex is not required for ICL repair. 
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SMX complex 
The West group recently published the biochemistry of the tri-nuclease SLX4 complex 
(SLX4-SLX1-MUS81-EME1-XPF-ERCC1) (Wyatt et. al. 2017). Their studies show that the 
addition of XPF increases the efficiency of the complex in cleavage of HJs, RF, SA, 3’flaps and 
5’flaps when compared to the MUS-SLX complex alone, and that this increased efficiency is not 
dependent on the nuclease activity of XPF. They suggest that this complex is activated during 
G2/M to ensure that JM from replication can be removed before anaphase, but further data will 
be necessary to demonstrate that this complex exists in vivo. In addition, they created a MUS81 
mutant lacking its N-terminal Helix-hairpin-Helix domain, and show that this mutant has an 
altered substrate specificity, preferring SAs and 5’flaps over nHJs and 3’flaps compared to the 
wild type heterodimer. I predict the West group will show that MUS81-EME1 is in fact a 
canonical resolvase (they originally rejected the use of the word resolvase in connection with 
MUS81 – nicked HJs didn’t suffice - until they showed that MUS-SLX complex could cut HJs), 
and that modifications in N-terminal region dictate this ability. 
Challenges and future facing the resolvase field 
It is clear that disentangling DNA and in vivo resolvase mutant results are quite 
challenging. The complexity of the protein-protein interactions, the redundancies that allow for 
multiple proteins to process the same substrate, and likewise the interwoven paths to genome 
stability make determining the role of each player in wild type conditions almost impossible. 
Since many of these initial in vivo studies of eukaryotic resolvases, gene editing technology has 
exploded with the facility of the CRSPR/Cas9 system to create nulls and mutations. It will be 
interesting to see if the observed phenotypes and consequential conclusions still hold true when 
true nulls are created, instead of gene knockdowns.  
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Fruit flies offer a unique platform from which to study “resolvase” activity 
Studies in Drosophila will have the potential to clarify much of the ambiguities of the 
resolvase/repair field for many reasons. First, whole organism genetics are straightforward and 
offer relatively rapid results, with fruit flies having a rich history of use in studies in meiotic and 
mitotic recombination. These studies are aided by the fact that male flies do not undergo meiotic 
recombination (Morgan 1912). Second, unlike studies of meiotic recombination in yeast where 
all products can be visualized, allowing for the identification of DNA intermediates to be 
postulated, higher eukaryotes generally recover only one recombinant product making the 
speculation on DNA intermediates quite limiting. The Drosophila system accommodates 
heterologies and therefore can be manipulated to visualize the heteroduplex DNA occurring 
during repair processes that are normally removed by short-patch and mismatch repair (Hilliker 
et. al. 1991) (Crown et. al. 2014). Third and perhaps most significantly, genetic studies implicate 
mei-9 (Xpf in humans) in meiotic recombination and Gen (Gen1 in humans) in DNA repair as the 
primary endonucleases. Because of the imperative nature of DNA repair, most higher eukaryotes 
contain multiple SSEs to ensure that DNA integrity is restored. While on an organismal level, 
this backup system provides a genome safeguard, this reality makes detecting significant 
sensitivities in mutant studies challenging from a research standpoint. Conversely, in fruit flies, 
genetic experiments provide discernible evidence for the identification of the primary SSEs for 
DNA repair in a mitotic and meiotic context to be the enzymes GEN and MEI-9, respectively 
(Andersen et. al. 2011) (Sekelsky et. al. 1995). Although in other species GEN plays a backup 
role to other SSEs, fruit flies have a switched preference which makes studying it in this 
organism more tractable and informative as to why and how mechanistically this switch has 
occurred (Blanco et. al. 2010). Additionally, the hunt for the primary meiotic SSE has plagued 
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the field for over fifty years because of incongruent genetic and biochemical data. Mutations in 
Gen and mei-9 show pronounced phenotypes, suggesting that Drosophila’s pathways contain 
less redundancies that make studying the effects of a single gene more challenging in other 
higher eukaryotes. Therefore, with the powerful genetic tools of Drosophila, we can combine 
biochemical studies to elucidate in a higher eukaryote the DNA recombination intermediates in 
mitotic cells (by Gen) and meiotic cells (by MEI-9) by determining the preferred branched 
substrate in vitro. 
Scope of this work 
My thesis work aimed to answer fundamental questions regarding DNA cutting in the 
context of essential processes like DNA repair and meiosis. Our studies of Drosophila Gen 
confirmed a unique genetic difference in flies.  In flies, Gen is the primary endonuclease in 
repair with Mus81 playing a secondary role (Chapter 2). Even though in yeast and human cells 
this interplay between Gen and Mus81 orthologs is reversed, we find that biochemical studies of 
both DmGen and HsGEN1 uncover commonalities between the preference of branched 
substrates and the mechanism by which these substrates are cleaved (Chapter 2). Interestingly, 
we find that both DmGen and HsGEN1 show a preference for 5’flaps over HJ structures, 
although all previous studies have emphasized HsGEN1’s resolvase activity as being most 
important (Chapter 2). In efforts to biochemically characterize the activity of the primary 
endonuclease, MEI-9, I purified the MEI-9-ERCC1 heterodimer and conducted preliminary 
enzymatic assays to discern its activity (Chapter 3). I also attempted purification of MEI-9-
ERCC1 complexes containing other genes implicated in meiotic crossovers, MUS312 (SLX4 in 
humans) and HDM (MEI-OB in humans) in E. coli and insect cell expression systems (Chapter 
3). Finally, I discuss the implications of our findings that, even in a simpler system, a 
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combination of genetics and biochemical evidence suggests the importance of DNA 
intermediates other than canonical HJs (Chapter 4). In this regard, I will outline experiments 
currently underway to elucidate the biological DNA intermediates of DNA repair and further 
our understanding of molecular dynamics of DmGen and propose additional areas of interest 
based on the findings of my work (Chapter 4).  
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CHAPTER 2. SUBSTRATE PREFERENCE OF GEN ENDONUCLEASES 
HIGHLIGHTS THE IMPORTANCE OF BRANCHED STRUCTURES AS REPAIR 
INTERMEDIATES 
 
Introduction 
A suite of structure-selective endonucleases (SSEs) has evolved to process branched 
DNA structures such flaps, bubbles, replication forks, and Holliday junction (HJs), which are 
four-stranded intermediates in recombination pathways. The first family of such nucleases 
identified in eukaryotes was initially defined by FEN-1 (flap endonuclease and 5’ exonuclease 1) 
and XPG (xeroderma pigmentosum group G) (Lieber et. al. 1997). These enzymes share 
conserved nuclease domains related to the 5’-to-3’ exonucleases of prokaryotic DNA 
polymerases, but they have divergent activities and functions. FEN-1 processes Okazaki 
fragments during replication, whereas XPG nicks the damaged strand at the 3’ end of a bubble 
during nucleotide excision repair. Exo1 (exonuclease 1), an enzyme with numerous repair and 
recombination functions (Tran et. al. 2004), was later found to be a member of this family. 
A fourth branch of the FEN-1/XPG family was discovered in rice (Oryza sativa) and 
named OsSEND-1, based on the expectation that the protein would be a single-strand DNA 
endonuclease like other family members (Furukawa et. al. 2003). Although single-strand 
endonuclease activity was shown for the Drosophila ortholog (DmGen, for XPG endonuclease; 
hereafter referred to as DmGen) (Ishikawa et. al. 2004)(Kanai et. al. 2007) understanding this 
branch of the family was greatly enhanced by the identification of the human and budding yeast 
orthologs (GEN1 and Yen1, respectively) in searches for enzymes with HJ resolvase activity (Ip 
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et. al. 2008). Human, yeast, and thermophile GEN1 orthologs all exhibit cutting similar to that of 
the canonical resolvase E. coli RuvC, in that they make symmetric nicks on non-complementary 
strands, yielding nicked duplex products (Ip et. al. 2008)(Rass et. al. 2010) (Freeman et. al. 2014) 
(Chan et. al. 2015). In the case of human GEN1, this resolvase activity is a unique distinguishing 
property from the other members of its protein family. Human GEN1 and yeast Yen1, unlike the 
thermophilic ortholog, still retain the ability to cut other branched substrates such as 5’ flaps and 
replication forks. Recent crystal structures of truncated thermophile and human GEN1 reveal 
differences from the XPG/FEN-1 family that allow for GEN1 to cleave HJs (Liu et. al. 2015, Lee 
et. al. 2015).  
Despite robust in vitro endonuclease activity, genetic studies in S. cerevisiae showed no 
sensitivity to DNA damaging agents in yen1 mutants and viability in combination with SGS1, 
which encodes a prominent helicase involved in repair (Blanco et. al. 2010). Alone, yen1 single 
mutants show only a weak mutant phenotype of elevated sister chromatid exchange (SCE) from 
replication-associated double-strand breaks (DSBs) (Munoz-Galvan et. al. 2012). However, 
when combined with mutations in MUS81 or MMS4, which encode another SSE, a synergistic 
effect in is observed in recombination and repair assays, suggesting that Yen1 has an important 
role as a failsafe enzyme in the absence of Mus81–Mms4 (Blanco et. al. 2010) (Ho et. al. 2010 
Tay et. al. 2010). Mus81–Mms4 and human MUS81–EME1 (for simplicity, we refer to these 
enzymes as “Mus81” when discussing multiple species) have been implicated in diverse 
processes across a number of organisms, including replication fork repair and meiotic 
recombination (reviewed in Schwartz et. al. 2011). While some of these functions can be 
explained by HJ resolvase activity, this enzyme cleaves 3’ flaps and nicked HJs in vitro, but has 
limited ability to cut intact HJs (Oğrünç et. al. 2003) (Ehmsen et. al. 2008). Mammalian 
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MUS81–EME1 can collaborate with the SLX1–SLX4 endonuclease to resolve HJs more 
efficiently (Castor et. al. 2013)(Garner et. al. 2013)(Wyatt et. al. 2013). When both nucleases 
bind the scaffolding protein SLX4, SLX1 nicks HJs and then Mus81–EME1 makes a second 
nick. While studies that disrupt single nuclease-specific interactions of SLX4 have furthered our 
understanding of a MUS81-SLX1-SLX4 repair complex, these studies also highlight the 
independent roles of each endonuclease and highlight differences from species to species (Castor 
et. al. 2013)(Garner et. al. 2013). Deficiencies in GEN1 in combination with MUS81, SLX1, or 
SLX4 show varying severity depending on the assay, but point to a distinct repair pathway 
mediated by GEN1. (Wechsler et. al. 2011)(Castor et. al. 2013)(Garner et. al. 2013)(Wyatt et. al. 
2013). Studies of the regulation of budding yeast Mus81–Mms4 and Yen1 help to explain the 
mechanism for Yen1 as a backup enzyme. Both proteins are regulated by cell cycle-dependent 
phosphorylation and dephosphorylation, such that Mus81–Mms4 is available and active in the 
nucleus prior to Yen1 (Blanco et. al. 2014)(Eissler et. al. 2014); the activity of human GEN1 is 
similarly restricted by its access to the nucleus, but this is irrespective of its phosphorylation state 
(Blanco et. al. 2014)(Chan et. al. 2014). A major unanswered question is why Yen1/GEN1 is not 
used first, given is superior ability to resolve HJs. Over the years, elegant studies to combine in 
vitro biochemistry and in vivo genetic repair assays have helped us understand the slight 
differences of GEN1 orthologs. While eukaryotic GEN1 and Yen1 show largely similar activity 
and control, previous genetic studies suggest that the relationship between Gen and Mus81 might 
be reversed in Drosophila, making Gen the more predominant enzyme. In S. cerevisiae, mus81 
sgs1 double mutants are inviable, but yen1 sgs1 double mutants are viable (Kaliraman et. al. 
2001) (Mullen et. al. 2001) (Fricke et. al. 2003)(Blanco et. al. 2010). In Drosophila, mutations in 
Blm (the Drosophila ortholog of SGS1) are synthetically lethal with both mus81 mutations and 
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Gen mutations (Trowbridge et. al. 2007)(Andersen et. al. 2011). Gen Blm double mutants die 
much earlier in development than mus81 Blm mutants, due at least in part to recombination 
defects, suggesting that Gen may be the primary HJ resolvase in Drosophila. 
Here, we confirm that DmGen is important in DNA damage repair by showing that, 
unlike in yeast and mammalian cells, Gen single mutants are severely hypersensitive to several 
different DNA damaging agents. We show that, like its human ortholog, DmGen efficiently 
cleaves HJs, 5’ flaps, splayed arms, and replication fork structures. We find that the cleavage rate 
for 5’ flaps is significantly higher than the cleavage rate for HJs. Kinetic studies suggest that the 
difference in cleavage rates results from a slow, rate-limiting step for HJ cleavage: formation of a 
productive dimer on the HJ. We compared DmGen to human GEN1 in side-by-side experiments. 
While slight differences such as the propensity to dimerize do exist between DmGen and 
HsGEN1, we find the activities of the orthologs to be strikingly similar, including the higher 
cleavage rate on flaps than on HJs. These findings suggest that simpler branched structures may 
be more important substrates for Gen orthologs in vivo, and highlight the utility of using the 
Drosophila model system to further understand this class of enzymes. 
 
Results 
DmGen mutants are more sensitive to DNA damage than mus81 mutants  
In yeast and humans, Yen1 and HsGEN1 seem to act in DNA damage repair secondarily 
to Mus81 (Blanco et. al. 2010)(Tay et. al. 2010) (Muñoz-Galvan et. al. 2012)(Sarbajna et. al. 
2014). This relationship seems to be switched in Drosophila as previous studies show that flies 
mutant in Gen and Blm, which encodes a helicase that can participate in dHJ dissolution, die 
earlier in development than Mus81 Blm double mutants (Andersen et. al. 2013). To more 
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thoroughly assess the relationship between DmGen and Mus81, we examined the sensitivity of 
single and double mutants to a variety of DNA damaging agents (Figure 1). 
 
Figure 2.1. Drosophila Gen mutants are more sensitive to DNA damaging agents than mus81 
mutants. Graphs show survival of mutants relative to control siblings (see Methods). (A) 0.025 mM 
Camptothecin (CPT); (B) 0.04% methyl-methane sulfonate (MMS); (C) 70 mM hydroxyurea (HU); (D) 
0.004% nitrogen mustard (HN2); (E) 2000 rads ionizing radiation (IR). Each point corresponds to one 
vial; means and 95% confidence intervals are shown. Dotted lines indicate 100% relative survival (note 
that Y axes differ between treatments). Paired t-tests between mutant and control individuals were done to 
evaluate sensitivity of mutants to each treatment; statistical significance of sensitivity is indicated below 
each genotype. Differences between genotypes were assessed by one-way ANOVA and are indicated 
above each graph. n.s. = not significant (p > 0.05); ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 
 
  To investigate effects on replication-associated damage, we used (a) Camptothecin 
(CPT), a topoisomerase I poison that results in replication-associated DSBs; (b) methyl methane-
sulfonate (MMS), an alkylating agent that induces lesions that can block replication forks (Groth 
et. al. 2010); and (c) hydroxyurea (HU), which inhibits ribonucleotide reductase, leading to 
decreased dNTP pools and fork slowing and stalling (Alvino et. al. 2007). Wild-type flies are not 
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sensitive to these agents at the doses tested (Figure 1). Gen mutants show significant sensitivity 
to each agent, indicating an important role in responding to replication-associated damage 
(Figure 1A-C). Conversely, mus81 mutants do not show sensitivity to CPT or MMS; however, 
mus81 Gen double mutants have more severe sensitivity than Gen single mutants, indicating a 
secondary role for Mus81 in repairing damage during replication (Figure 1A-B). Interestingly, 
mus81 mutants are healthier than wild-type flies following HU treatment (Figure 1C) 
(Trowbridge et. al. 2007), and the mus81 Gen double mutant does not show increased sensitivity 
compared to the Gen single mutant. These data indicate that in flies, DmGen facilitates repair of 
HU-induced stalled or slowed replication forks, whereas Mus81 may exacerbate problems 
caused by HU.  
We treated larvae with mechlorethamine (HN2) and ionizing radiation (IR) to investigate 
sensitivity to interstand crosslinks and DSBs, respectively. Gen mutants were significantly more 
sensitive to both agents, with mus81 mutants showing sensitivity only to HN2 (Figure 1D-E); 
however, mus81 Gen double mutants are significantly more sensitive to IR (Gen single mutants 
were already completely inviable at the tested dose of HN2), suggesting that Mus81 may play a 
backup role to DmGen in DSB repair (Figure 1D-E). 
In summary, Gen mutants are more sensitive than mus81 mutants to all of the DNA 
damaging agents tested (Figure 1). The increased sensitivity of mus81 Gen double mutants 
indicates that in flies, Mus81 plays a secondary role to DmGen. These findings contrast with data 
from yeast and human cells that show that Yen1/GEN1 is secondary to MUS81 (Blanco et. al. 
2010) (Tay et. al. 2010) (Muñoz-Galvan et. al. 2012)(Sarbajna et. al. 2014). 
 31 
DmGen rescues the DNA-damage sensitivity of S. pombe mus81 mutants  
The sensitivity of DmGen mutants to DNA damaging agents could indicate that DmGen 
functions to cut recombination intermediates. To test this possibility, we took advantage of 
fission yeast Schizosaccharomyces pombe, which has a mus81 ortholog but no Yen1/GEN1 
ortholog (Boddy et. al. 2000)(Interthal et. al. 2000). Truncated HsGEN1 (residues 1-527) 
expressed in S. pombe mus81 mutants rescues sensitivity to DNA damaging agents (Lorenz et. 
al. 2010). Similarly, we find that expression of a truncated form of DmGen (residues 1-518, 
similar to truncated HsGEN1 (Lorenz et. al. 2010) rescues sensitivity of mus81Δ mutants to 
MMS, CPT, HU, and the radiomimetic drug bleomycin (BLEO) 
 
Figure 2.2. Gen expression rescues DNA damage sensitivity of S. pombe mus81 mutants. 
(A) Effect of Gen (1-518) overexpression mimics that of the canonical resolvase RusA. Serial dilutions 
on EMM2 plates were supplemented with drug. All proteins were expressed from the thiamine-repressible 
nmt1 promoter in mus81Δ strains. Empty pREP41 plasmid was used as a negative control. (B) Western 
blot showing expression of Gen (1-518) in S. pombe mus81Δ mutants. 518Dead = Gen (1-518) E143A 
E145A. 
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This rescue is dependent on DmGen nuclease activity, as expression of nuclease-dead DmGen 
has a dominant-negative effect, resulting in less growth than seen in the negative control (Figure 
2.2 A). This effect, which is also seen with nuclease-dead HsGEN1 or budding yeast Yen1 
(Blanco et. al. 2010) (Lorenz et. al. 2010), strongly suggests that the catalytically-inactive 
enzymes bind repair intermediates and block alternative repair pathways. We conclude that 
DmGen (1-518) is functional in vivo in the repair of DNA damage in mus81Δ mutants, 
suggesting that despite their different genetic phenotypes, HsGEN1 and DmGen share one or 
more critical activities that can compensate for loss of Mus81 activity. 
DmGen localizes to the cytoplasm of early embryos and S2 cells 
The reversed roles of DmGen and Mus81 in Drosophila relative to humans and yeast 
could indicate differences in access to the damaged DNA as a result of different cellular 
localizations. The activity of human GEN1 and yeast Yen1 is limited to cells undergoing mitosis 
by protein localization and/or activation. Specifically, HsGEN1 is sequestered in the cytoplasm 
until nuclear membrane breakdown, and yeast Yen1’s activity and access to the nucleus are 
controlled by dephosphorylation (Blanco et. al. 2010) Eissler et. al. 2014. However, a previous 
study using a polyclonal antibody to DmGen suggested that it localizes to the nucleus of 0-3 hr 
old embryos (Kanai et. al. 2007). To further assess DmGen localization, we generated a 
polyclonal antibody to a different epitope (residues 236-335). Immunofluorescence using this 
antibody reveals that DmGen localizes largely or exclusively to the cytoplasm in wild-type 
embryos (Figure 2.3A).  
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Figure 2.3. Gen localizes to the cytoplasm in early embryos and cultured S2 cells. 
(A) 2-3 hr old Drosophila embryos were stained with DAPI (blue) and antibodies to Gen (green) (B) Full-
length Gen-His was expressed in Drosophila S2 cells from the CuSO4-inducible metallothionein 
promoter. Cells were treated with (lower panels) or without (upper panels) CuSO4 for three days, then 
fixed and stained with DAPI (blue) and antibodies to Gen (green) and to the His tag (red). Both 
endogenous Gen and overexpressed Gen-His were detected in the cytoplasm but not in the nucleus. 
 
Because this result contrasts with the previous study, we further confirmed cytoplasmic 
localization in cultured cells by overexpression of DmGen carrying a C-terminal hexahistadine 
(His) tag under control of an inducible promoter (Figure 2.3 B). A small fraction of uninduced 
cells show leaky expression of His-tagged DmGen, as evidenced from the strong staining by the 
His antibody; most of the uninduced cells showed only background staining with the His 
antibody but show significant staining throughout the cytoplasm with our polycolonal antibody 
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to DmGen, suggesting that this cytoplasmic protein is endogenous DmGen (Figure 2.3 B, top 
panels). After induction, both anti-DmGen and anti-His antibodies detect high levels of a 
cytoplasmic protein, with no detectable signal in interphase nuclei (Figure 2.3 B, bottom panels). 
These results strongly suggest that our antibody binds to DmGen in cells and that DmGen, like 
Yen1 and HsGEN1, is primarily or exclusively cytoplasmic during interphase. While we cannot 
exclude the possibility that a low level of nuclear DmGen escaped our detection, our results 
imply that the genetic differences between DmGen and its orthologs are not simply due to 
differences in gross protein localization. 
DmGen cuts 5’ flaps, replication forks, splayed arms and Holliday junctions 
The in vivo data strongly suggest that DmGen, like its orthologs, is a structure-specific 
endonuclease and might have Holliday junction resolvase activity. In previous in vitro 
experiments, N-terminal 6xHis-tagged DmGen exhibited weak activity on 5’ flaps, double flaps, 
and replication forks, but no activity on HJs (Kanai et. al. 2007). These results contrast with the 
strong activity seen with recombinant HsGEN1 and Yen1 which were tagged on the C-terminus 
and the recent crystal structures of GEN1 from the thermophilic yeast C. thermophilum 
(CtGEN1) and humans (HsGEN1) that implicate the N-terminal region in cleavage (Ip et. al. 
2008) (Rass et. al. 2010)(Freeman et. al. 2014)(Chan et. al. 2015). We considered the possibility 
that a tag near the N-terminal nuclease domain might impact cleavage activity of DmGen and 
sought to compare N-terminally and C-terminally tagged proteins. 
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We expressed and purified both N- and C-terminal tagged DmGen in full-length and 
truncated (1-518) forms (Figure 2.4A-B).
 
Figure 2.4. The N-terminal His tag interferes with the nuclease activity of Gen.  
(A) Schematic of recombinant proteins. Domains were determined using Phyre2. The arrow shows the 
location of the Gen Z5997 frameshift mutation used in Figure 1. (B) SDS-PAGE following purification of 
Gen (FL) and Gen 1-518 (518) with (m) protein marker sizes. (C) Nuclease assays were done with Gen 
(FL = full-length; 518 = 1-518; or N = full-length with N-terminal tag). N OE = The gel was overexposed 
to show residual nuclease activity with N-terminally tagged Gen. Arrow = This band results from extra 
breathing at the 5’ flap ss-dsDNA junction due to an extra A added to the 3’ end of Oligo 992 (Methods). 
Nuclease assays containing 50 nM protein and 1 nM DNA were incubated at 22°C for 30 minutes. 
Products were analyzed by denaturing PAGE. 
 
 To examine substrate specificity, we incubated DmGen with radiolabeled DNA 
substrates. The nuclease activity of the N-terminal-tagged proteins on the 5’ flap is weak (~3% 
cut), but the C-terminal-tagged versions of DmGen show high activity (92% cut). Both full-
length and truncated C-terminal His-tagged DmGen exhibit robust cleavage of 5’ flaps, 
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replication fork-like structures (RFs), splayed arms (SAs), and fixed, mobile, and nicked HJs 
with no evidence of contaminating nuclease activity (Figure 2.5 and 2.6).). We did not detect 
cleavage of unbranched dsDNA, nicked duplex DNA, or 3’ flaps (Figure 2.5). 
 
Figure 2.5. DmGen is a structure-specific endonuclease and a resolvase. (A) Substrates radiolabelled 
at the 5’ end of one strand (asterisks) were incubated with full-length (FL) DmGen or truncated (518) 
DmGen. Arrows indicate sites of cleavage determined by denaturing PAGE, as shown below. The bracket 
indicates the expected size range of the cleavage products for the HJ12 substrate. (B) Nuclease assays 
were done with Gen (FL = full-length; 518 = 1-518). Assays containing 20 nM protein and 1 nM DNA 
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were incubated at 22°C for 30 minutes and products were analyzed by native PAGE. Note: the short 
duplexed product seen in HJ cleavage products is also seen when substrates assayed with HsGEN1 
(Figure 2.7). Similar products are seen in studies of AsGEN1 and AsSEND1 (Bauknecht, M., & Kobbe, 
D. 2014). Cleavage seen in denaturing gel for the 3’flap is likely from 3’flap short oligo dissociating, and 
thus resembling the SA as seen in the native gel. 
 
Figure 2.6. Substrate cleavage is dependent upon Gen nuclease activity.  
 Nuclease-dead Gen had two mutations in the catalytic domain: E143A and E145A. Assays containing 20 
nM protein and 1 nM DNA were incubated at 22°C for 30 minutes. Products were analyzed by denaturing 
PAGE. 
 
Yen1 and HsGEN1 have not been shown to cleave SAs (Ip et. al. 2008)(Blanco et. al. 
2014). To determine whether DmGen’s cleavage of the SA is a novel substrate specificity, we 
tested whether our substrates were cleaved differently by DmGen than by HsGEN1 (Figure 2.7). 
We see that like DmGen, HsGEN1 cleaves SAs, and cuts our 5’ flap and HJ substrates at the 
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same sites (Figure 2.7)
 
Figure 2.7. HsGEN1 and DmGen produce similar cleavage products on 5’flaps, HJs and SAs. 
(A) Nuclease assay with splayed arm were done with DmGen (1-518) and HsGEN1 (1-527). Assays 
containing 20 nM protein and 1 nM DNA were incubated at 22°C (Dm) or 37°C (Hs) for 10 minutes and 
products were analyzed by denaturing PAGE (left) and native PAGE (right). Note: some species on native 
gel run at different velocities such as ssDNA (i) and (ii) seen in the no protein control. (B) Nuclease 
assays with HsGEN1 (1-527) or DmGen (1-518) using HJ containing 20 nM protein and 2 nM DNA were 
incubated at 37°C (HsGEN1) or 22°C (DmGen) and time points were taken at various intervals, with 
triangles denoting increasing time (0, 10s, 30s, 2min, 5min, 10min, 30min) visualized on native PAGE 
(C) 5’flap (red, left) or HJ0A (blue, right) cleaved with HsGEN1 and visualized on denaturing PAGE. 
Compare cleavage product sizes with those produced by DmGen in Figure 2.5. M or m denotes ladder 
lanes. (-) Denotes no protein. 
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Analysis of the cleavage products by denaturing polyacrylamide gel electrophoresis 
(PAGE) reveals that the predominant cut sites are approximately at or one nucleotide (nt) 3’ of 
the junction branch point on the 5’ flap, RF and SA (Figure 2.5A). On the mobile HJ12 substrate, 
which contains a 12 bp homologous core within which the junction can migrate, we observe 
multiple cut sites, all within the 12 bp core (Figure 2.5A). To map HJ cleavage sites on all four 
strands of the HJ0, we alternately labeled each strand of the immobile HJ0 structure (Figure 2.8). 
 40 
 
Figure 2.8. Mapping HJ Cleavage sites by DmGen. Denaturing PAGE to determine the cleavage of the 
HJ0 on each alternatively radiolabelled strand. “0” indicates substrate only, “518” indicates truncated 
DmGen (1-518) and “FL” indicates full-length DmGen. “M” denotes ladder of 40, 31 and 24nt and “m” 
denotes ladder of 31, 28, 26, and 24 nt. Red asterisk in HJ0 schematic denotes labeled strand. (A-C) 
Three different denaturing gels to determine the position of cutting on each strand. Grey dotted lines 
added for reference. Note that strands A, B and D are 49 nt, but based on sequence of each strand and 
specific gel conditions, these three strands do not always run with the same mobility and make cleavage 
site analysis challenging. Numbers at the bottom of lanes indicate the estimated product size based on 
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ladders M and/or m. Black asterisk in (B) denotes 24nt fragment running with different mobilities due to 
different sequence from each product. (D) Summary of HJ0 cleavage sites identified in (A-C).  
 
 The major cut sites appear to be at the junction and/or one to two nt 3’ to the junction branch 
point (Figure 2.8). To further analyze the cleavage of the HJ0, we created a derivative of the HJ0 
termed HJ0+10nt by annealing one labeled strand of ~50 nt, one unlabeled strand of ~50 nt, and 
two unlabeled strands of ~60 nt (Figure 2.9). 
 
Figure 2.9. DmGen creates ligatable nicked duplex products following HJ cleavage. 
(A) Schematic illustrating the cleavage and ligation experiment of the HJ0+10nt substrate formed by 
annealing one labeled strand of ~50nt, one unlabeled strand of ~50nt, and two unlabeled strands of ~60nt. 
The addition of ~10nt on one arm are indicated in green and the asterisk indicates the location of the 
radiolabel. Cleavage with DmGen creates nicked duplex DNA that can be ligated to create duplex DNA. 
When visualized on a denaturing PAGE, the presence of a newly ligated longer strand can be observed. 
(B) Denaturing PAGE of HJ0+10nt cleavage and ligation experiment depicted in (A). (0) indicates substrate 
only and (+) indicate the addition of DmGen and/ or T4 ligase. Cartoons on the right of gel indicate the 
various products formed. Analysis of the cleavage and ligation products of the HJ0+10nt substrate reveals 
~55% detectable product after cleavage. Incubation of cleavage products with T4 ligase shows a new 60nt 
band (30% of total) and a reduction of the cleaved product (25% of total). 
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This junction allows us to determine if DmGen cuts symmetrically about the axis to produce 
nicked duplex products that can be ligated. If the HJ cleavage products can be ligated, a new 
band corresponding to a ~60 nt DNA will appear on the gel in the presence of ligase but not its 
absence (Figure 2.9B). Analysis of the cleavage and ligation products of the HJ0+10nt substrate 
reveals ~55% detectable product upon cleavage alone. Incubation of cleavage products with T4 
ligase shows a new 60 nt band (30% of total) and a reduction of the cleaved product (25% of 
total) (Figure 2C). These data show that DmGen, like HsGEN1, exhibits canonical resolvase 
activity in addition to robust endonuclease activity on 5’ flaps, RFs and SAs.  
Because full-length and truncated C-terminally-tagged DmGen have similar substrate 
specificities and activities, and the truncated protein shows activity in S. pombe (Figure 2.2, 2.5-
6) we used the more stable truncated protein in subsequent in vitro experiments; for simplicity, 
we refer to this truncated protein as DmGen. 
DmGen can dimerize on DNA substrates 
 
HsGEN1 and CtGEN1 are monomers in solution and dimerize on HJs (Ip et. al. 
2008)(Rass et. al. 2010)(Freeman et. al. 2014)(Chan et. al. 2015). We analyzed DmGen by size-
exclusion chromatography with multi-angle light scattering (SEC-MALS) after affinity and ion-
exchange chromatography steps and compared it to a BSA standard (Figure 2.11).  
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Figure 2.11. Gen elutes as a monomer with a small amount of dimer.  
(A) SEC-MALS analysis of DmGen (1-518)-His. UV detection of DmGen (blue) and BSA standard (red). 
Dots represent the molar mass calculated at every second. Using the extinction coefficient for DmGen and 
the WYATT SEC-MALS ASTRA analysis program, the calculated molar mass of DmGen is 58kD 
±0.6kD. (B) Light scattering detection of DmGen dimers 
 
BSA eluted from the column in three distinct peaks, with the monomer (66 kDa) eluting 
between 14 and 15 min. The majority of DmGen elutes as a monomer, exhibiting an average 
molecular weight of ~58kD (predicted 60 kDa), however there is a small amount of dimer 
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present (Figure 2.11). To further explore possible dimerization of DmGen, we used atomic force 
microscopy (AFM), which allows us to directly observe the oligomerization state of the protein 
(Figure 3A).  
 
Figure 2.12. DmGen dimerizes in solution.  
Topographical AFM images of truncated DmGen showing monomers and dimers. 20 nM truncated 
DmGen was deposited onto naked mica and imaged with tapping mode AFM in air. The gradient bar 
represents 0-1.2 nm height above the mica surface. Yellow arrows denote DmGen dimers. 1 µm x 1 µm 
images and volume analyses can be found in Figure 2.13. 
 
  
Previous studies showed that there is a linear relationship between the molecular mass of 
a protein and its observed volume in AFM images, allowing oligomerization state and 
association constants of protein-protein complexes to be determined (Ratcliff et. al. 2001)(Yang 
et. al. 2003). Plots of the distribution of volumes of DmGen deposited at 20 nM and 37 nM 
DmGen show a major peak consistent with the volume expected for a DmGen monomer and a 
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smaller peak consistent with the volume expected for a DmGen dimer (Figure 2.12 - 2.13). 
 
Figure 2.13. Direct visualization of Gen monomers and dimers by AFM.  
(A, B) Representative 1x1 µm AFM images of truncated Gen at (A) 20 nM and (B) 37 nM. Gen was 
deposited onto freshly-cleaved mica surface and imaged with tapping mode AFM in air. Bar represents 
200 nm. (C, D) AFM volume analysis of particles in (A, B), respectively. Particles from at least 7 images 
for each concentration were analyzed for volume (nm3). Resulting volumes were binned in 30 bins and 
graphed as a histogram. The volume calculated is directly proportional to molecular size. The predicted 
molecular mass of proteins from the AFM-derived volume was based on Equation 1 in Methods. Note 
that observed volumes are slightly larger than predicted volumes of Gen based upon molecular size. 
Brackets indicate volumes representing dimers. 
 
Due to the low population of dimer and crowding of the protein on the surface, accurate 
determination of the protein dimerization constant is not possible; however, we observed 8% and 
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14% of protein contained dimer peaks at 20nM and 37.5nM Gen, respectively. Using these 
values, we estimate the protein dissociation constant to be in the hundred nanomolar range (125-
133nM).  
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To determine the affinity and stoichiometry of DmGen binding to DNA, we used 
electrophoretic mobility shift assays (EMSAs). 
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Figure 2.14. DmGen dimerizes on flaps and HJs. 
(A) EMSA analysis of DmGen with HJ0. Truncated DmGen (0.1, 0.5, 1, 5, 10, 50, 100, 250, 500, 1000, 
10000 pM) was incubated at room temperature with 50 pM radiolabeled DNA in the presence of EDTA 
and bound products were separated using 4% native PAGE at 4°C. The HJ0 cartoon indicates the position 
of the DNA alone, whereas the positions of the HJ0 bound by monomer and dimer are indicated by a 
solid arrow and a dashed arrow, respectively. (B) Logarithmic graph of EMSA analysis of Gen binding to 
50pM HJ0 as a function of increasing concentration (5, 50, 100, 200, 250, 300, 500, 1000, 2500, 5000, 
10000) pM Gen for experiments 4/18a,b (light blue) or (0.1, 0.5, 1, 5, 10, 50, 100, 250, 500, 1000, 10000) 
pM Gen for experiments 3/1 and 4/11 (dark blue). EMSA of 3/1 data featured in (A) Data are fit to the 
Hill equation (see Methods). K1/2,EMSA,HJ of 0.2 +/- 0.02 nM was determined for Gen binding to the HJ0 
and the Hill coefficient is ~1. (C) Same as in (A) with 5’ flap. (D) Same as in (B) except with the 5’flap. 
Gen binding to the 5’ flap and the Hill coefficient is ~2. (E) EMSA of binding to 50pM dsDNA in 
increasing concentrations  (5, 50, 100, 200, 250, 300, 500, 1000, 2500, 5000, 10000) pM Gen 
 
We incubated increasing concentrations of DmGen (0.1 pM -10 nM) with 50 pM of either 5’ flap 
or HJ0 in the presence of EDTA to chelate the metal ions to prevent cleavage of the substrate. 
On the HJ0, two slower-migrating bands appear with increasing DmGen concentration, with the 
first shifted species occurring at concentrations of DmGen between 100 pM and 500 pM, 
followed by complete conversion to a supershifted species by 10 nM DmGen (Figure 2.14A), 
These results are consistent with DmGen binding to HJ0 with high affinity, similar to those seen 
with CtGEN1, which binds to HJs with a high affinity (~10 nM) (Freeman et. al. 2014). We 
determined the DmGen concentration at which half of the substrate is bound (K1/2,EMSA,HJ) by 
plotting the fraction of DNA bound (both shifted bands) as a function of DmGen concentration 
for four independent EMSAs and fitting them to the Hill equation (Figure 2.14B). This analysis 
yields a K1/2,EMSA,HJ for binding of DmGen to the HJ0 equal to 0.19 ±0.24 nM with a Hill co-
efficient of ~1. In addition, at 10 nM DmGen, all of the DNA is in the supershifted band, 
consistent with 100% of the HJ0 being bound by a dimer or two monomers of DmGen (Figure 
2.14A).  
Interestingly, DmGen also forms two shifted species on a 5’ flap substrate (Figure 
2.14C), with the first shifted species occurring at concentrations of DmGen between 100 pM and 
500 pM, followed by complete conversion to a supershifted species by 1 nM DmGen (Figure 
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2.14C). The K1/2,EMSA,5flap for the 5’ flap substrate determined from three independent 
experiments is 0.18 ±.08 nM and the Hill coefficient is ~2. By 1nM DmGen, all of the DNA is in 
the supershifted band (Figure 2.14C-D). The supershifted (dimer) band is unexpected because for 
HsGEN1 a monomer is sufficient for 5’ flap cleavage (Rass et. al. 2010). No band shifts were 
observed when the same experiment was performed with linear dsDNA (Figure 2.14E), 
indicating that the supershifted bands do not result from nonspecific binding of DmGen to the 
DNA. 
DmGen cleaves 5’ flaps faster than Holliday junctions  
We investigated the kinetics of flap and HJ0 cleavage by DmGen as a function of both 
substrate and enzyme concentration in multiple-turnover assays (i.e., excess substrate relative to 
protein) (Figure 2.15). 
  
Figure 2.15. DmGen cleaves 5’ flaps faster than HJs. Graphs show time courses of nuclease 
progression under conditions of excess (A) 5’ flap or (B) HJ0. For each time course, aliquots were taken 
at various time points (note that the time scales differ in each panel). The intensity of each cleavage 
product was quantified by ImageQuant, and the data were normalized to the expected amount of 
detectable product (see Methods). Each point represents the mean of three experiments, except in (A), 
which is the mean of two experiments. Error bars indicate standard error of the mean. The curves drawn 
though the data are best fits to single exponentials.  
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We observed that 5 nM of 5’ flap is completely cleaved within 1 to 4 minutes (min) using 
DmGen concentrations ranging from 0.5 to 3 nM (10- to 1.7-fold excess DNA), with the rate of 
cleavage increasing with increasing concentration. In contrast, the rates of HJ0 cleavage are ~10-
fold slower, with reactions taking 10-30 min to plateau (Figure 2.15B). The reaction containing 3 
nM DmGen goes to completion, but reactions with the lower concentrations (0.5 nM to 1 nM) 
plateau at 20% to 60% of the substrate being cleaved, respectively (Figure 2.15B). Enzyme 
death, substrate inhibition, and product inhibition can result in less than 100% of the substrate 
being cleaved. The observation that DmGen can completely cleave the 5’ flap at the same 
concentrations (Figure 2.15A) and that the plateau levels decrease as the HJ0:DmGen ratio 
increases (i.e., increasing HJ0 concentrations exhibit decreasing product formation; Figure 
2.15B) suggest that the excess HJ0 may be inhibiting the reaction. This suggestion is supported 
by our observation that the monomer of DmGen binds more tightly than the dimer. 
Consequently, as the HJ0 concentration increases above the concentration of DmGen, the excess 
HJ0 acts as a trap, binding monomers of DmGen and removing them from solution, thereby 
reducing the concentration of active substrate-dimer complexes. HsGEN1 shows similar 
inhibition of cleavage when the HJ substrate is in excess (Rass et. al. 2010)(Chan et. al. 2015). 
We do not observe such substrate inhibition with the flap, likely because flap cleavage requires 
only a monomer of DmGen.  
Classic steady-state enzyme kinetics (multiple turn-over assays) allow for the 
determination of the kcat and Km of an enzyme by plotting the rate of reactions as a function of 
substrate concentration. Because substrate inhibition occurs if the concentration of DmGen is 
below the concentration of HJ0 substrate, such assays could not be performed. To circumvent the 
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problem of substrate inhibition, we measured rates of cleavage of the 5’flap, RF and HJ0 as a 
function of DmGen concentration, maintaining DmGen in excess over substrate (Figure 2.16). 
  
Figure 2.16 Gen cleaves 5’ flaps faster than other substrates even in excess protein. 
(A) Graph shows time courses of nuclease progression under conditions of excess Gen. For each time 
course, aliquots were taken at various time points. The intensity of each cleavage product was quantified 
by ImageQuant, and the data were normalized to the expected amount of detectable product (see 
Methods). Each point represents the mean of three experiments; error bars indicate standard error of the 
mean. (B) The rate of cleavage as a function of DmGen concentration under conditions of excess DmGen. 
The data from each individual replicate were fit to a single exponential curve given by the equation y = 
m1*x / (m2+x), where m1 = maximum rate (kapp,max) at saturating protein concentrations and m2 = the 
apparent dissociation constant (K1/2). Note that the first point (3 nM protein) was performed with 5 nM 5’ 
flap or HJ0, whereas the rest of the experiments (20, 60, 100, and 200 nM protein) were performed with 2 
nM DNA. From these fits K1/2 and kapp,max are 62±9 nM and 46±3 s-1 for the flap and 660±500 nM and 
31±19 s-1 for the 5’ flap and HJ0, respectively. (C) the same as in (A) except including RF. (D) the same 
as in (B) except including the RF with K1/2 and kapp max calculated as 154±73nM and 19±5 s-1, respectively. 
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The rates measured in these reactions are the rate at which DmGen cleaves a single substrate 
molecule and therefore represent steps at or before cleavage. To determine the dependence of the 
cleavage rate on DmGen concentration, we first determined the pseudo-first-order rate constants, 
kapp, by fitting the rate curves for each DmGen concentration to single exponentials and then 
plotted kapp as a function of DmGen concentration. The rate of cleavage (or kapp) of the flap, RF 
and HJ0 as a function of DmGen concentration are fit well by simple hyperbolic binding curves, 
allowing us to determine the K1/2,KINETIC (DmGen concentration necessary to achieve half 
maximal cleavage rate or simply “apparent affinity”) and the apparent maximal cleavage rate 
(Figure 2.16B). The K1/2,KINETIC and apparent maximal cleavage rates are 62 ±9 nM and 46 ±3 s-1 
for the flap, 154±73 nM and 19±5 s-1 for the RF and 660 ±500 nM and 31 ±19 s-1 for the HJ0, 
respectively. In all concentrations of DmGen tested, the rate of 5’ flap cleavage is least ~7-fold 
greater than the rate of HJ0 cleavage (Figure 2.16B). These results are in striking contrast to the 
published data on HsGEN1. Published studies on HsGEN1 using excess protein found that 
HsGEN1cleaves a HJ more rapidly than a 5’ flap, suggesting that HJs are preferred substrates 
over 5’ flaps for HsGEN1 (Rass et. al. 2010). In contrast, our data suggest that 5’ flaps may be 
the preferred substrates for DmGen. 
HsGEN1 cleaves 5’ flaps faster than HJs 
We next determined whether the difference in substrate specificity of DmGen and 
HsGEN1 may reveal a bona fide difference in enzyme activity between the orthologs or may 
result from dissimilar assay conditions (buffer and DNA sequence of substrates). The published 
study on HsGEN1 (Rass et. al. 2010) employed a low-salt phosphate buffer (referred to here as 
Rass buffer), whereas we used a medium-salt Tris buffer (Bellendir buffer); in addition, the 
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sequences of the substrates were different in the two studies (Figure 2.17A). Consequently, we 
compared HsGEN1 with DmGen side-by-side.  
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Figure 2.17 DmGen and HsGEN1 cut 5’ flaps faster than HJs in a variety of reaction conditions. (A) 
Schematic showing the substrates and reaction buffers tested. The substrates shown in red and dark blue 
are those used in our experiments (“Bellendir oligos”), and those substrates in magenta and cyan are from 
the previous published study on HsGEN1 (“Rass oligos”) (Rass et. al. 2010). The sequences of central 
nucleotides near the branch points are shown in black. The buffer components of the Bellendir and Rass 
buffers are listed below the respective oligos. (B) A bar graph showing the first order rates of cleavage on 
either Bellendir substrates (5’ flap-B and HJ-B) or Rass substrates (5’ flap-R and HJ-R) in either the 
Bellendir Buffer or Rass Buffer by DmGen (at 25°C) or HsGEN1 (at 37°C). Colors for each substrate 
correspond to (A). Note that the final two bars are from experiments done in the same conditions of 
previously published data in (Rass et. al. 2010). Each rate was determined from the average of ≥ 3 time 
courses (0s-10min or 30min). Error bars are for the standard deviation of each mean rate. For rate values, 
see Table 2.1. 
 
 
Table 2.1. The rates of HJ and 5’flap cleavage by DmGen and HsGEN1. 
 The data from each progression curve was fit to a single exponential to determine the rate for ≥ 3 
experiments per condition. Standard deviations of the rate value are listed in grey. A graphical depiction 
of these data can be seen in Figure 2.16. 
  
The human and Drosophila proteins cleave each substrate (5’ flap and HJ created from Bellendir 
or Rass oligos) at the same site (Figure 2.18). 
 55 
  
Figure 2.18. HsGEN1 and DmGen produce similar major cleavage products on Rass 5’flaps, HJs  
(A) Nuclease assays with HsGEN1 (1-527) or DmGen (1-518) using HJ containing 20 nM protein and 2 
nM DNA were incubated at 37°C (HsGEN1) or 22°C (DmGen) and time points were taken at various 
intervals, with triangles denoting increasing time (0, 10s, 30s, 2min, 5min, 10min, 30min) visualized on 
native PAGE (-) denotes no protein. (B) Rass 5’flap (pink, left) or Rass HJ0A (light blue, right) cleaved 
with DmGen and visualized on denaturing PAGE. M or m denotes ladder lanes. Triangle denotes 
increasing time. (C) Same as in (B) but with HsGEN1. Arrow denotes 26nt minor product of 5’flap 
cleavage by HsGEN1 not seen with DmGen. This product by HsGEN1 can be explained by the sequence 
specificity of HsGEN1 cleavage recently published (Shah Punatar et. al. 2016). 
 
DmGen and HsGEN1 have very similar rates of cleavage on both HJ substrates in both buffers 
(Figure 2.17B, dark blue and light blue bars); however, rates of 5’ flap cleavage vary with 
sequence and with buffer. In the Bellendir buffer, the two proteins have similar cleavage rates on 
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both 5’ flap substrates, and 5’ flap cleavage is significantly faster than HJ cleavage (Figure 
2.17B). In the Rass buffer, cleavage rates differ for the two sequences, with a 34-fold and a 6-
fold difference between the highest and lowest rates of flap cleavage for HsGEN1 and DmGen, 
respectively (Figure 2.17B and Table 2.1). In summary, DmGen cleaves 5’ flaps faster than HJs 
in all conditions tested, and HsGEN1 cleaves 5’ flaps faster in all but one of the conditions we 
tested (Figure 2.17B and Table 2.1). Thus, varying the buffer conditions and oligo sequences 
used in kinetic assays reveals additional properties of HsGEN1 beyond those described 
previously. These results suggest that simpler branched substrates, such as flaps, are preferred by 
both DmGen and HsGEN1 and that both enzymes utilize similar mechanisms of recognition and 
cleavage.  
The rate-limiting step of HJ0 cleavage is assembly of a productive dimer complex on the 
substrate  
Examination of the DmGen kinetic data together with the EMSAs can shed light onto 
possible mechanisms of 5’ flap and HJ cleavage. Given that the EMSAs show very tight binding 
of a DmGen monomer (K1/2,EMSA ~ 0.2 nM) to both the flap and the HJ0 (Figure 2.14), it is likely 
that the concentration dependence of the cleavage rate that we observe (Figure 2.15B) results 
from a second monomer of DmGen binding to the substrate prior to cleavage. From our EMSAs, 
we estimate that the concentration for a second monomer binding to either the HJ0 or the 5’ flap 
is 0.5-10 nM. The K1/2,KINETIC,5’FLAP for the flap from our kinetic data is slightly larger than would 
be predicted for dimerization on the 5’ flap from the EMSAs, but this difference may be due to 
the different temperatures at which the two experiments were performed (EMSAs at 4°C and 
kinetic assays at 25°C). The K1/2,KINETIC,HJ for the HJ0 (660 nM), however, is significantly larger 
than apparent binding affinities for the dimer seen in the EMSAs, in which we observe 100% 
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dimer at 10 nM DmGen. These differences indicate that the K1/2,KINETIC,HJ value for the HJ0, 
determined from kinetic measurements represents a step other than the binding seen in the 
EMSAs. 
If the rate-limiting step to HJ0 cleavage is a conformational change after binding, the 
weak K1/2,KINETIC,HJ (660 nM) we observe for cleavage of the HJ0 could represent non-specific of 
binding of the second monomer of DmGen prior to a conformational change that leads to the 
stable DmGen2:HJ0 complexes seen in the EMSAs. To test this possibility, instead of adding 
DNA, DmGen, and Mg++ simultaneously as done above (Figure 2.14), we pre-incubated DmGen 
with HJ0 in the absence of Mg++, allowing time for the dimer to assemble on the HJ0, then 
initiated cleavage by the addition of Mg++ (Figure 2.19). 
 
Figure 2.19. Production of an active complex is the rate-limiting step in HJ0 cleavage. (A) To 
determine whether the rate-limiting step of the HJ0 reaction is a slow conformational change that results 
in a stable Gen2:HJ0 complex that can rapidly cleave the DNA, 3 nM DmGen was pre-incubated with 5 or 
10 nM HJ0 for several minutes before starting the time course experiment with MgCl2. Quantification and 
analyses were done as in (Fig. 2.15). (B) Data from the corresponding simultaneous addition experiments 
in Fig. 2.15B (3 nM DmGen with 5nM HJ0, pink) is replotted on a 1-minute time scale for comparison to 
(A). (C) The same as in (A), except with the 5’ flap. (D) Data from the corresponding simultaneous 
addition experiments in Fig. 2.15A (3nM DmGen with 5nM 5’ flap, pink) was replotted on 1-minute time 
scale for comparison to (C). Note that the data in this figure are not normalized, as in Fig 2.15. 
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If the rate-limiting step is a conformational change after the second monomer binds the HJ0 (i.e., 
productive assembly of the dimer on HJ0) that results in a stable DmGen2:HJ0 complex that is 
slow to dissociate, a burst of rapid cleavage with an amplitude equal to the concentration of pre-
formed DmGen2:HJ0 complexes will be observed in the pre-incubation experiment (Patel et. al. 
1991). Using 3 nM DmGen with of 5nM or 10 nM HJ0, we observe a burst of cleavage before 
the first time point (5 s), followed by a slow rate of cleavage similar to that seen in the 
simultaneous addition experiment (Figure 2.19). This observation strongly suggests that given 
sufficient time, DmGen can cooperatively assemble into a productive complex on the HJ0. We 
used a DmGen concentration of 3 nM, corresponding to 1.5 nM dimer with 5 nM or 10 nM HJ0. 
If all the DmGen molecules were active and pre-bound as dimers to HJ0 and poised to undergo 
cleavage, we would expect burst heights of 30% for 5 nM HJ0 and 15% for 10 nM HJ0. We 
observed burst height of 28% and 10% (Figure 2.19A), suggesting that the majority of DmGen is 
active and bound in a productive dimer complex prior to the addition of Mg++. These results are 
consistent with our equilibrium binding EMSAs, which suggest that the binding affinity of a 
dimer of DmGen for the HJ0 is between ~3 and 10 nM (Figure 2.14A). Taken together, our 
results strongly suggest that the rate-limiting step to HJ0 cleavage is a conformational change 
after binding of the second monomer of DmGen to the HJ. We conducted similar pre-incubation 
experiments with the flap (Figure 2.20A). In contrast to the results of pre-binding with the HJ0, 
no initial burst of cleavage is discernable, suggesting that the interaction of DmGen with the flap 
is dynamic and that binding of a monomer or dimer to the flap does not result in a complex that 
is slow to dissociate (Figure 2.20A-B). 
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Figure 2.20. Binding of DmGen to the 5’flap is dynamic. 
 (A) To determine whether the rate-limiting step of the 5’flap reaction is a slow conformational change 
that results in a stable Gen:5’flap complex that can rapidly cleave the DNA, 3 nM DmGen was pre-
incubated with 5 or 10 nM 5’flap for several minutes before starting the time course experiment with 
MgCl2. Quantification and analyses were done as in (Fig. 2.15). (B) Data from the corresponding 
simultaneous addition experiments in Fig. 2.15A (3nM DmGen with 5nM 5’ flap, pink) was replotted on 
1-minute time scale for comparison to (A). Note that the data in this figure are not normalized, as in Fig 
2.15. 
 
Discussion 
In this work, we show that DmGen functions as a key structure-selective endonuclease 
(SSE) during repair of DNA damage. Our genetic data reveals a fundamental difference between 
DmGen and the well-characterized human and fungal orthologs. In Drosophila, Gen single 
mutants have extreme hypersensitivity to DNA damaging agents but mus81 single mutants do 
not (Figure 1); as in other organisms, mus81 Gen double mutants have even more severe 
hypersensitivities. These data are in stark contrast to genetic results seen in other species, where 
Mus81 is the predominant SSE and Gen orthologs play a secondary role in repair (Blanco et. al. 
2010)(Tay et. al. 2010)(Muñoz-Galvan et. al. 2012)(Sarbajna et. al. 2014). Interphase protein 
localization does not appear to account for the reversed dominance observed in Drosophila, as 
DmGen seems to be primarily or (Supplementary Figure S2), like Yen1 and HsGEN1 (Blanco et. 
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al. 2014)(Matos et. al. 2011) (Matos et. al. 2013); however, it is possible that the order of 
activation during mitosis is switched in Drosophila relative to yeast and human cells. 
DmGen, like HsGEN1, cleaves a variety of branched structures including 5’ flaps, replication 
forks, splayed arms and HJs (Figures 2.5, 2.7). The mechanism HJ cleavage appears to be similar 
between DmGen and HsGEN1, as the two proteins exhibit similar rates of cleavage across 
various conditions (Figures 2.17-19). Both DmGen and HsGEN1 are robust 5’ flap 
endonucleases. HsGEN1’s cleavage rate on flaps is more sensitive to reaction conditions than 
that of DmGen, though even this difference might be due to different physiological temperatures 
(Figure 2.17). This combination of genetic differences and biochemical similarities observed 
between DmGen and HsGEN1 highlights the unique platform that Drosophila provides to the 
DNA repair/structure selective endonuclease fields to further our understanding of the functions 
of these enzymes in vivo. Below, we discuss insights into the mechanism of cleavage of HJs and 
flaps by DmGen orthologs, structural considerations that may underlie novelties across DmGen 
orthologs, and the importance of HJs versus other substrates. 
The mechanism of 5’ flap and HJ cleavage by DmGen 
Comparison of our biochemical data with DmGen to those with the yeast and human 
orthologs suggests that they follow similar mechanisms of cleavage of 5’ flaps and HJs. Taking 
both our kinetic and EMSA data into account allows us to elucidate important features of the 
mechanism of HJ and 5’ flap cleavage. HJ cleavage requires the assembly of a dimer of DmGen 
(or orthologs) on the HJ prior to cutting (Rass et. al. 2010)(Freeman et. al. 2014) (Chan et. al. 
2015)(Lee et. al. 2015)(Liu et. al. 2015). Our prebinding experiments (Figure 2.19), which reveal 
a burst of cleavage followed by a slow turnover, indicate that after the second monomer binds 
the complex undergoes a conformational change that stabilizes the DmGen2:HJ0 complex and 
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leads to rapid cleavage. These data support previous models for the activity of orthologs on HJs, 
which suggest that a rate-limiting conformational change occurs after binding of a second 
monomer (Rass et. al. 2010)(Freeman et. al. 2014)(Chan et. al. 2015)(Lee et. al. 2015)(Liu et. al. 
2015). Our EMSAs show tight binding of both the monomer and dimer of DmGen to the HJ 
(Figure 2.14). Our observation of HJ0 substrate inhibition further supports tight monomer 
binding, and the near-stoichiometric burst amplitudes in prebinding experiments support tight 
dimer binding; however, in experiments in which DmGen, DNA, and Mg++ were mixed 
simultaneously, we observe a very weak concentration dependence of DmGen for HJ cleavage, 
with a K1/2,KINETIC consistent with non-specific DNA binding (Figures 2.15, 2.19).  
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Figure 2.21. Mechanism of DmGen cleavage of HJs. Mechanism of Gen function on HJs. DmGen 
monomer binds the HJ with a KD of ~0.2 nM (K1/2,EMSA,HJ from EMSAs), followed by weak, non-specific 
binding of a second monomer with a KD  of ~660 nM (K1/2,KINETIC,HJ  from Kinetics). Formation of a 
productive dimer complex, exhibiting the correct DNA conformation required to position opposite DNA 
strands in the DmGen active sites, is slow. Once a productive dimer-HJ0 complex is formed, the dimer 
cooperatively nicks across the junction. (bottom left box) It is unlikely that a pre-formed dimer will 
encounter a HJ exhibiting the proper conformation required for cleavage. If the dimer-DNA complex is 
not productive, one monomer likely dissociates from the HJ, allowing other DmGen proteins access to the 
junction. (top right box) It is also possible that a DNA conformational change occurs prior to the second 
monomer binding; however, given our observation that production of a productive dimer-DNA complex 
is the rate-limiting step, this is unlikely to represent a main pathway. See discussion for additional details 
 
Accordingly, we propose that the first monomer binds tightly to the HJ (K1/2,EMSA ~ 0.2 nM), 
followed by a second monomer binding with a weak affinity (K1/2,KINETIC ~ 700 nM) to form a 
nonspecific dimer on the HJ (Figure 2.21). Subsequently, this complex undergoes a rate-limiting 
conformational change that positions opposing DNA strands in the DmGen active sites to form a 
stable productive dimer-HJ0 complex that is slow to convert back to the non-specifically bound 
form. After formation of a productive dimer-HJ complex, the dimer rapidly nicks the two 
opposing strands of the junction in a cooperative and symmetric manner, yielding two nicked 
duplexes. It is also possible that a DmGen dimer can form in solution prior to binding the HJ 
(Figure 2.21, bottom left box); however, our results indicate that the HJ must be in the proper 
conformation for the second DmGen to bind tightly. The importance of the HJ conformation is 
also supported by the crystal structure of CtGEN1 bound to an HJ after cleavage. In the presence 
of cation, unbound HJs are found in the stacked X conformation (Lilley et. al. 2000). In the HJ 
model based on the crystal structure of CtGEN1 in the product complex, the HJ is bent into a 
non-planar conformation (Liu et. al. 2015). Given the affinity of the monomer for DNA, binding 
of preformed dimers to the HJ may promote dissociation of one monomer. It is also possible that 
a DNA conformational change occurs prior to a second DmGen monomer binding the HJ (Figure 
2.21, top right box)
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Figure 2.22. Mechanism of DmGen cleavage of HJs and 5’ flaps. Mechanism of DmGen function on 5’ flaps. (top) DmGen monomer binds the 
5’ flap, triggering a DNA conformational change and rapid cleavage of the flap strand one nt 3’ of the junction branch point. (bottom) A 
Drosophila-specific pathway is depicted in the box. (i) A pre-formed dimer can bind the 5’ flap, (ii) Alternatively, two monomers can sequentially 
bind the 5’ flap, with the first monomer having a very high affinity ( ~0.2 nM from EMSAs) and the second monomer having a weaker affinity of 
~ 60 nM (based on the K1/2, KINETIC, 5’ flap determined from kinetic data). The additional DNA contacts provided by the second monomer may 
constrain the 5’ flap conformation to facilitate cleavage. 
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Consistent with data on HsGEN1 (Rass et. al. 2010)(Chan et. al. 2015), our EMSA data taken 
together with our kinetic data on the 5’ flap under excess substrate conditions suggest that a 
monomer of DmGen can cleave a 5’ flap. This result is not unexpected, as flap cleavage requires 
only a single nick. Our kinetic data using excess protein further suggest that a second monomer 
of DmGen can bind to the flap (with an apparent affinity/K1/2,KINETIC,5’FLAP of 60 nM) and increase 
the catalytic activity (Figure 2.16). This latter observation suggest that the rate-limiting step for 
flap cleavage is a conformational change that places the 5’ flap in the proper orientation for 
cleavage and that the dimer facilitates this change. Based on these observations we propose the 
mechanism shown in Figure 2.22. A DmGen monomer binds the 5’ flap with high affinity 
(K1/2,EMSA ~0.2 nM, based on EMSAs), followed by a conformational change that positions the 
DNA in the active site and the subsequent rapid cleavage of the 5’ flap one nucleotide 3’ of the 
branch point (Figure 2.22, top). At low DmGen concentrations or in excess substrate, this path 
dominates; however as the concentration of DmGen increases, a second monomer or a preformed 
dimer of DmGen can bind the 5’ flap and increase the rate of cleavage ~ 5-10 fold. This 
proposed mechanism is supported by our observation that DmGen can form dimers in solution 
and that the rate of flap cleavage increases with DmGen concentration, with a K1/2,KINETIC = 60 
nM (Figures 2.11-15). We suggest that this K1/2,KINETIC represents the binding affinity of the 
second monomer of DmGen to the flap (Figure 2.22, (ii)). The additional DmGen-DNA binding 
interactions provided by the second monomer may help to constrain the DNA, facilitating the 
DNA conformational change that positions the flap strand in the active site of the other DmGen 
monomer. This second monomer, while not necessary for cleavage, can be equated to the role of 
the scaffolding protein SLX4. Although SLX4 does not harbor nuclease activity, it not only 
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increases the cleavage rates of SAs by XPF-ERCC1, but also increases preference of XPF-
ERCC1 for SAs over stem-loops or bubbles (Hodskinson et. al. 2014). Interestingly, examination 
of published EMSA data on Yen1 (Figure 6E from Blanco et. al. 2014) binding to 5’ flaps 
reveals that dephosphorylated Yen1 exhibits two shifted bands similar to our results with 
DmGen. These results suggest that Yen1 can also dimerize on 5’ flaps as well as HJs. It remains 
to be investigated whether other orthologs can also dimerize on flaps. 
Protein structural comparisons across Gen orthologs highlight differences leading to 
substrate specificity and dimerization 
Studies of DmGen orthologs across species show cleavage of a variety of branched DNA 
structures and different propensities for dimerization. Insight into possible structural reasons for 
these differences in biochemistry can be gleaned from analysis of the protein primary sequences 
and crystal structures of the DmGen orthologs and the 5’ flap cutter FEN1, which is a 
monomeric family member. Sequence alignment of the DmGen and FEN1 orthologs reveals 
significant differences among the orthologs in the region of DmGen 76-125 (Figure 2.23). 
 
Figure 2.23. Differences in substrate specificity in Gen orthologs depends on the helical arch. 
Protein sequence alignments from Drosophila melanogaster FEN1 (DmFEN1), Homo sapiens FEN1 
(HsFEN1), Chaetomium thermophilum GEN1 (CtGEN1), Homo sapiens GEN1 (HsGEN1), Drosophila 
melanogaster Gen (DmGEN), and Saccharomyces cerevisiae Yen1. Blue shaded region indicates the area 
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of the helical arch and red box indicates the cap. DmGen residues in this region are indicated below in 
green.  
 
This region is adjacent to the active site and forms part of the dimer interface in the crystal 
structure of CtGEN1and the proposed dimer interface of HsGEN1 (Lee et. al. 2015)(Liu et. al. 
2015). In FEN1, this region forms a helical arch with a cap through which the single-stranded 5’ 
flap is threaded. It has been suggested that this cap would prevent DNA structures without free 
ends from threading into the catalytic site, thereby limiting the activity of FEN1 to substrates 
containing a single-stranded 5’ end (Liu et. al. 2015)(Tsutakawa et. al. 2011). In CtGEN1, both 
the arch and cap regions are absent, and the protein is predominately a monomer in solution and 
cuts HJs but not flaps, replication forks or splayed arms (Freeman et. al. 2014). In HsGEN1, only 
the cap region is absent; the protein is a monomer in solution, but it cleaves 5’ flaps, replication 
forks, HJs, and splayed arms (Figure 2.7). Flap cleavage by HsGEN1 shows greater sensitivity 
than DmGen to the buffer and to the sequence at the junction (Ip et. al. 2008)(Lee et. al. 
2015)(Shan Punatar et. al. 2017). DmGen has both the helical arch and cap (although the cap 
sequence is not conserved with FEN1); this protein can dimerize on substrates and can cut 5’ 
flaps, replication forks, HJs, and splayed arms. Interestingly, Yen1 also contains both the helical 
arch and cap region, and it cuts 5’ flaps, replication forks, and HJs, but not splayed arms, and 
appears to dimerize on flaps (Figure 6E from Blanco et. al. 2014). Taken together, these 
observations suggest that the presence and/or the sequence of helical arch and cap govern not 
only substrate specificity but also the propensity to DmGen and its orthologs to dimerize. 
Therefore, the ability of DmGen to dimerize on substrates as well as its broad substrate 
specificity may contribute to its preferential usage over Mus81 in vivo. 
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Substrate specificities of DmGen and HsGEN1 suggest that HJs are uncommon repair 
intermediates 
Although it may seem unusual for the roles of Gen and Mus81 to have switched in 
Drosophila relative to other species, comparison of the in vitro and in vivo activities of DmGen 
in flies and Mus81 in other species sheds light on the commonalities of these two enzymes that 
allow them to be interchangeable within cells. The predominant enzymes in flies (DmGen) and 
in yeast and human cells (Mus81) cut a variety of branched structures, with substantially higher 
activities on simpler structures, such as flaps, over the more physically restrained HJ. While 
DmGen and its orthologs cut 5’ to a branch point and Mus81 cuts 3’, this polarity difference may 
be less relevant in vivo and may simply dictate the orientation of binding of the endonuclease to 
the substrate. This suggestion is supported by in vitro data that indicate that both Mus81 and 
DmGen orthologs cleave nicked HJs and replication forks to form nick duplexed products (Rass 
et. al. 2010)(Ehmsen et. al. 2008)(Matos et. al. 2014). In addition, in vivo studies show that 
overexpression of Yen1 can rescue mus81 mutants in budding yeast (Blanco et. al. 2010) and 
expression of HsGEN1 or DmGen can rescue mus81 mutants in fission yeast, which lacks a 
Yen1 ortholog (Lorenz et. al. 2010) (Figure 2.2). We propose that these simpler structures may 
be more important in vivo, perhaps because they are more frequently encountered. Consistent 
with this hypothesis, recent studies show that replicative stress in yeast results in nicked and 
gapped HJs, while another study highlights non-HJ intermediates of replication repair (Garcia-
Luis et. al. 2014)(Olmezer et. al. 2016) (Malacaria et. al. 2017). 
In repair, DNA intermediates arising from strand exchange that generates a displacement-
loop (D-loop) resemble flaps or nicked HJs, and these intermediates have many potential 
advantages over a canonical HJ as substrates for SSEs. First, flaps or nHJs would presumably be 
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an earlier intermediate in repair, and further synthesis and ligation would require additional 
energy. Second, flaps or nHJs only require one nuclease domain for cleavage and could explain 
why eukaryotic “resolvases” are predominantly monomers or heterodimers with only a single 
catalytic subunit. These points suggest that there may be mechanisms to avoid formation of HJs 
in favor of less complex intermediates. Nonetheless, intact HJs may accrue if repair 
intermediates are not processed fast enough such that further synthesis and ligation occurs, or if 
blocked replication forks are regressed (Neelsen et. al. 2015). Even so, the biological 
presentation of these intact HJ may be very different from the synthetic in vitro HJs used for 
testing cleavage activity. In vivo, intact HJs may be opened by helicases or ssDNA binding 
proteins, and consequently resemble the splayed arms or bubbles studied in vitro. Such 
intermediates have been proposed to explain the requirement for the Blm helicase to make 
meiotic crossovers in C. elegans meiosis (Agostinho et. al. 2013). Accordingly, we propose that 
during damage repair, canonical resolvase activity of Mus81 and DmGen orthologs on intact HJs 
may be a backup or failsafe to resolve intact HJs if they accumulate, but the primary role of these 
endonucleases are to cleave other structures that arise. 
 
Methods 
Drosophila stocks and genetics 
All stocks were maintained at 25°C on standard media. The following null mutations 
were described previously: mus81NheI (Trowbridge et. al. 2007) and GenZ5997 (Andersen et. al. 
2011), which was made hemizygous with Df(3L)6103. Sensitivity to DNA damaging agents was 
done as described previously (Yιldιz et. al. 2002). For nitrogen mustard (HN2), hydroxyurea 
(HU), and methylmethane sulfonate (MMS), 250 µl water containing the agent at the indicated 
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concentration was added to each vial containing feeding larvae. Camptothecin (CPT) was 
dissolved in DMSO and diluted in 10% ethanol and 0.2% Tween; control larvae were treated 
with DMSO only. For IR, vials with 3rd instar larvae were irradiated with 20 Grays from a 137Cs 
source (GammaCell GG10). Progeny were scored for five days after eclosion began. Relative 
survival was calculated as the ratio of mutant to control flies per vial and was normalized to the 
ratio in untreated vials. Statistical analyses were done using Prism (GraphPad, San Diego, CA). 
Purification of full-length and truncated Gen (1-518) from E. coli  
DmGen cDNA was codon-optimized by GenScript. Full-length DmGen (1-726 aa) and 
truncated DmGen (1-518 aa) were cloned into the NdeI and XhoI sites of pET21b (Novagen, 
Madison, WI), which carries a C-terminal hexahistidine tag (His). The nuclease-dead mutations 
E143A and E145A, previously described by (Kanai et. al. 2007), were made by QuikChange 
site-directed mutagenesis (Agilent Technologies, Santa Clara, CA). DmGen-His was expressed 
in RDK cells (gift of Dr. Steve Matson) with 0.4 mM IPTG, and DmGen (1-518)-His was 
expressed in Rosetta II pLysS (Novagen) with 1.0 mM IPTG. All proteins were expressed at 
18°C for 18 hrs. The DmGen (1-518)-His and DmGen (1-518)Dead-His pellets were lysed in NiA 
buffer (20 mM KH2PO4 pH 7.0, 100 mM ammonium acetate, 1 mM TCEP, 0.02% sodium azide, 
500 mM NaCl, 50 mM imidazole), sonicated, pelleted, and the clarified supernatant was loaded 
onto a 5 ml HisTrap HP column (GE Healthcare Life Sciences, Pittsburgh, PA) and eluted with 
NiB (20 mM KH2PO4 pH 7.0, 100 mM ammonium acetate, 1 mM TCEP, 0.02% sodium azide, 
500 mM NaCl, 500 mM imidazole). Peak fractions were diluted in NiA minus salt to 50 mM 
NaCl and loaded onto a 6 ml Resource S column (GE Healthcare Life Sciences) pre-equilibrated 
with MonoSA (20 mM KH2PO4 pH 7.0, 100 mM ammonium acetate, 1 mM TCEP, 0.02% 
sodium azide, 50 mM NaCl) and gradient eluted with MonoSB (20 mM KH2PO4 pH 7.0, 100 
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mM ammonium acetate, 1 mM TCEP, 0.02% sodium azide, 1 M NaCl). Peak fractions were 
concentrated to 5 ml and loaded onto a Superdex S200 column (GE Healthcare Life Sciences) 
and eluted with S200 buffer (50 mM HEPES pH 7.0, 400 mM NaCl, 100 mM ammonium 
acetate, 1 mM TCEP, 0.02% sodium azide). Full-length DmGen-His and DmGenDead-His were 
purified over HisTrap and S200 columns. Following elution from the S200 column, purity was 
assessed by dynamic light scattering and SDS-PAGE. 
DmGen (1-518)-His was dialyzed into high salt buffer (25 mM HEPES pH 7.5, 100 mM 
sodium acetate, 10 mM magnesium acetate, 5% glycerol, 1 mM DTT) before injection onto a 
Superdex 200 column (GE Healthcare Life Sciences) connected to a DAWN HELEOS-II (Wyatt 
Technology Corporation, Santa Barbara, CA) light scattering instrument and a Optilab T-rEX 
refractometer (Wyatt Technology Corporation). The Astra V software package (Wyatt 
Technology Corporation) was used to determine the molar mass of the sample. 
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Nuclease assays  
 
Table 2.2 Oligos used for DNA Substrates in Gen studies 
Synthetic DNA substrates were prepared by annealing oligonucleotides, shown in 
Supplementary Table 2.2. Oligonucleotides (oligos) 888, 891, 892, 893, 894, 895, 897, 992 were 
described previously (Kaliraman et. al. 2001); 940, 994, 888+10, 990+10 were modified from 
these. These oligos were used to form the majority of substrates used in this study, termed 
“Bellendir substrates”. Oligos 1, 2, 3, 4, and 7 were described previously (Benson et. al. 1994) 
and were used to form the “Rass substrates” used in Figure 2.17. All substrates were prepared as 
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previously described (Wright et. al. 2011). Briefly, one oligonucleotide was 5’ end-labeled using 
T4 polynucleotide kinase and γ-32P ATP. Substrates were annealed in annealing buffer (50 mM 
Tris pH 7.5, 10 mM MgCl2, 50 mM NaCl, 5 mM DTT), PAGE-purified, and quantified by A260. 
For nuclease assays, tr-DmGen-His (1-518-His) or tr-HsGEN1-His (1-527) (gift of Dr. 
Steve West) was incubated with the 32P-labeled structures in a 10 µl reaction mixture containing 
50 mM Tris pH 8, 100 µg/ml BSA, 1 mM DTT, 10% glycerol, 50 mM KCl, and 5 mM MgCl2 
(Bellendir buffer – used in all kinetic experiments unless otherwise stated) or 60 mM Sodium 
Phosphate pH 7.4, 100 µg/ml BSA, 1 mM DTT, and 5 mM Mg(OAc)2 (Rass buffer) at either RT 
for reactions containing DmGen or 37°C for reactions containing HsGEN1. For fixed end-point 
assays, unless otherwise indicated, 20 nM protein was incubated with 1 nM substrate. For 
ligation of products, 1U of T4 DNA Ligase (NEB) was incubated at 22°C for 30 minutes. The 
reaction was stopped by adding an equal volume of formamide loading dye (85% formamide, 50 
mM ethylenediaminetetraacetic acid (EDTA), 1% bromophenol blue, 1% xylene cyanol), heated 
at 95°C for 5 min, and a fraction was loaded onto a polyacrylamide gel. After electrophoresis, 
gels were dried and imaged on a Typhoon Trio+ (GE Healthcare Life Sciences). Bands were 
quantified using ImageQuant (GE HealthCare Life Sciences). 
For the kinetic analysis, the experiments were conducted by two methods: (1) 
simultaneous addition, in which the reaction was initiated by the simultaneous addition of 
DmGen or HsGEN1, Mg++, and DNA, and (2) prebinding analysis, in which, DmGen and either 
5’ flap or HJ0 were incubated together for a few minutes before the reactions were initialized 
with the addition of MgCl2. For time points, 1 µl aliquots were removed and quenched in 2.5 
mg/ml Proteinase K, 2.5% SDS, and 125 mM EDTA. The amounts of protein and substrate used 
in the kinetics assays are given in the figure legend. To determine the percentage substrate 
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cleaved, the amount of product was calculated as a fraction of the total radioactivity per lane. For 
the HJ0, only half the cleavage products (those in which the labeled strand is cut) are detected. 
Conversely, the HJ-Rass structure displayed propensity to adopt a specific orientation that leads 
to biased cleavage orientation (Bennett et. al. 1995). To account for this, rates were determined 
from native gels. For the 5’ flap, a fraction of the substrate was unproductive or degraded. To 
account for this non-functional substrate, data were normalized to the expected amount of 
detectable product. The apparent pseudo first-order rate constant, kapp, for each concentration 
was determined by fitting the full reaction curves to a single-exponential function [(y = 
A*exp(kappt) + C] using KaleidaGraph software (Synergy Software, Reading, PA). To examine 
the concentration dependence of the rates of cleavage of the flap an HJ0, kapp was plotted as a 
function of DmGen concentration, and these plots were fit to hyperbolic binding curves to 
determine the apparent binding affinity, K1/2, of DmGen to the flap or HJ0, using KaleidaGraph. 
DNA-binding assays 
DmGen (1-518)-His was incubated in a 10 µl reaction with 50 pM 32P-labeled DNA in 
binding buffer (10 mM HEPES pH 7.5, 100 µg/ml BSA, 1 mM DTT, 5% glycerol, 60 mM KCl) 
containing 5 mM EDTA. Incubation was at RT for 30 min. Reactions were immediately 
analyzed by 4% neutral PAGE at 4°C. After running, gels were either dried or exposed overnight 
at -80°C and imaged on a Typhoon Trio+ (GE Healthcare Life Sciences). Bands corresponding 
to unbound and bound DNA were quantified using ImageQuant (GE HealthCare Life Sciences). 
The K1/2 of binding and the Hill co-efficient for the binding of the HJ0 or the 5’ flap was 
determined by fitting the data using KaleidaGraph software (Synergy Software, Reading, PA) 
and applying the following equation: 
θ = (θmax*pn)/((K1/2)n+pn) 
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where θ is the fraction of total substrate that is bound, θmax is the maximum fraction of 
substrate bound, p is the protein concentration, and n is the Hill co-efficient. K1/2 is the 
concentration at which half of the substrate is bound by protein and KD=(K1/2)n. 
Expression of Gen in S. pombe and sensitivity analysis  
Strains, RusA plasmids, and pREP41 plasmids are listed in Supplementary Table S2. 
Transformations were performed using the lithium acetate-based method described previously 
(Okazaki et. al. 1990). For spot tests, strains containing plasmids were grown to saturation in 
EMM2 −leucine dropout medium, washed twice with water, diluted to OD600=1, and 10-fold 
serially diluted to 10-4 cells/ml. 10 µl aliquots from each dilution were spotted onto minimal 
medium plates containing MMS, CPT, HU, or BLEO, then incubated at 32°C for four days 
before being photographed. 
Immunofluorescence microscopy 
Polyclonal antibodies were raised to a peptide spanning residues 236 to 335 of DmGen 
and affinity-purified by Genomic Antibody Technology (SDIX, Newark, DE). All imaging was 
done with a laser-scanning confocal microscope (710, Carl Zeiss) and analyzed with ImageJ. 
For embryo staining, 2-3 hr old embryos were dechorionated, fixed in equal volumes 7% 
formaldehyde:heptane, devittelinized, and then stained. The primary antibody was rabbit anti-
DmGen-N (1:1,000), which was visualized with goat anti-rabbit IgG (H+L)-Alexa Fluor 488 
(1:500, Life Technologies). DAPI (1:1000) staining was done for two minutes at room 
temperature. 
For Drosophila S2 cells, DmGen cDNA was cloned into the pMT-V5-HisA vector (Life 
Technologies), which contains the CuSO4-inducible metallothionein promoter and a C-terminal 
His tag. The construct was stably transfected into S2 cells. Cells were plated at 1x106 cells/ml on 
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poly-L-lysine-treated coverslips. DmGen-His expression was induced for 3 days before staining. 
Staining was performed as in (Lake et. al. 2013). The primary antibodies were rabbit anti-
DmGen-N (1:10,000) and mouse anti-His (1:500). The primary antibodies were visualized with 
goat anti-rabbit IgG (H+L)-Alexa Fluor 488 (1:10,000) and goat anti-mouse IgG (H+L)-Alexa 
Fluor 555 (1:10,000, Life Technologies). DNA was detected by staining with DAPI (1:5000, 
Thermo Fisher Scientific, Carlsbad, CA) for one minute at room temperature. 
Atomic force microscopy 
50 µM DmGen (1-518)-His was diluted to 2 µM in storage buffer (50 mM HEPES pH 
7.0, 400 mM NaCl, 100 mM ammonium acetate, 1 mM TCEP, 10% glycerol) and then to 20 and 
37 nM in high salt buffer (25 mM HEPES pH 7.5, 100 mM sodium acetate, 10 mM magnesium 
acetate, 5% glycerol, 1 mM DTT) and 20 µl was immediately deposited onto freshly-cleaved 
mica. The mica surface was then immediately washed with water, and a stream of nitrogen gas 
was used to dry the surface. Images were acquired with a Nanoscope IIIA atomic force 
microscope (Veeco, Santa Barbara, CA) in tapping mode with a resolution of 512×512 pixels at 
a scan rate of 1.97 Hz and over a 1×1 µm scan size. AFM tips were from NanoSensors 
(Neuchatel, Switzerland) with a spring constant between 21 and 98 N/m and resonance 
frequencies between 146 and 236 kHz. AFM images for the samples were consistent over two 
depositions and multiple tips (at least two for each deposition). Poor images resulting from 
blunted tips were excluded from analysis. At least seven representative images of each sample 
were 2nd order plane-fitted and flattened, and three-dimensional images were generated using 
NanoScope Analysis version 1.53r1 (Bruker Corporation, Billerica, MA). Volume analysis of 
protein peaks was conducted with Image SXM 195-1 (Steve Barrett, University of Liverpool, 
UK) as described in (Ratcliff et. al. 2001). Volumes corresponding to protein aggregates were 
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excluded from analysis. Volume plots were generated using KaleidaGraph 4.1.3 (Synergy 
Software). Protein molecular mass was converted into predicted AFM volume using the 
following equation: 
V =1.2*M −14.7 
where V is AFM volume in nm3, and M is molecular mass in kDa (Yang et. al. 2003). 
Sequence Alignments 
Sequence alignments were performed using ClustalX 2.1 (Larkin et. al. 2007) and edited 
in GeneDoc version 2.7.000 (Nicholas et. al. 1997). 
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1 
CHAPTER 3.  INITIAL PURIFICATION & BIOCHEMICAL CHARACTERIZATION 
OF MEI-9 COMPLEXES 
 
Introduction 
Double strand breaks (DSBs), if unrepaired, can lead to mutations, genome 
rearrangements and cellular transformation. Counterintuitively, the very events that the cell 
defends itself against ultimately lead to the propagation of sexual species. Programmed DSBs 
initiate meiosis-specific HR termed meiotic recombination, a process dependent upon the 
physical entanglement of two homologous chromosomes. For successful meiosis, a selected 
subset of these entanglements are resolved as a crossover (CO; where alleles flanking the initial 
break lose their parental linkage). Crossovers are essential because they facilitate a physical 
connection, termed a chiasma, between two homologous chromosomes that aids in aligning 
homologs and priming them for proper segregation in anaphase I of meiosis. Failure to properly 
align at the metaphase plate can cause missegregation of chromosomes, leading to sterility or 
aneuploidy, which can result in genetic disorders such as Down syndrome (caused by Trisomy 
21), miscarriages and potentially the termination of a species (Handel and Schimenti 2010). 
Thus, the risks associated with creating DSBs are outweighed by the necessity to faithfully create 
gametes. 
Meiotic Recombination Models include double Holliday Junctions and their cleavage 
Meiotic recombination was first described over a century ago by Thomas Hunt Morgan’s 
observance of non-Mendelian progeny in fruit flies (Morgan 1910). Much of our knowledge of 
molecular mechanisms of crossover processing has been formed and guided by studies in 
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prokaryotes and yeast. One of the first models of recombination came from Robin Holliday 
(Holliday, R. 1964). In his model, Holliday suggested that the CO precursor was a four-stranded 
intermediate of two distinct DNA helices. This intermediate, a Holliday junction (HJ), could be 
cleaved in two orientations yielding either COs or non-crossovers (NCOs). Twenty years after its 
proposal, electron microscopy (EM) studies visualized HJs from bacteria and yeast, and an 
updated model of recombination that initiated with a double strand break (DSB) (Figure 1.1A) 
and included a double HJ intermediate was suggested (Kobayashi, I., & Ikeda, H. (1983) 
(Szostak et. al. 1983) (Connolly et. al. 1991) (Figure 1.1F). Soon after, in vitro synthetic HJ 
cleavage assays using prokaryotic enzymes provided the first direct evidence for the existence of 
structure-selective endonucleases (SSE) capable of HJ cleavage, termed HJ resolvases (Iwasaki 
et. al. 1991) (Ip et. al. 2008). These enzymes showed preference for HJs over other DNA 
secondary structures and cleaved symmetrically about the HJ axis, creating religatable cleavage 
products. These data became the benchmark for defining canonical resolvases, and the steered 
the field for another 20 years in search for the identification of eukaryotic counterparts. 
The Discontinuity between prokaryotic and eukaryotic resolvases in meiosis 
One of the major complications in identifying eukaryotic resolvases has been the fact that 
genes with meiotic mutant phenotypes do not cleave HJs robustly, while those genes that do 
show canonical resolvase activity lack the CO reduction phenotype. For example, Yen1/GEN 
nucleases show robust HJ cleavage, but seem, at best, to play a backup role in creating meiotic 
crossovers (Rass et. al. 2010) (Ho et. al. 2010) (Blanco et. al. 2010). A strong meiotic resolvase 
candidate based on meiotic phenotypes was the heterodimer of Mus81-Eme1, which accounts for 
>90% and 40% of COs in fission and budding yeast, respectively (De Los Santos et. al. 2001) 
(De Los Santos et. al. 2003) (Interthal & Heyer 2000) (Oh et. al. 2008) (Boddy et. al. 2000) 
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(Boddy et. al. 2001) (Smith et. al. 2003) (Ehmsen & Heyer 2008). However, based on its in vitro 
biochemical characterization, this heterodimer only cleaved nicked HJs (nHJs) and did so 
promiscuously, a result that contested the canonical definition of a resolvase (Ehmsen & Heyer 
2009) (Holloway et. al. 2008). Furthermore, COs by Mus81 do not experience interference, a 
phenomenon that controls the spacing of COs across the chromosome arm (Interthal & Heyer 
2000) (Oh et. al. 2008). While meiotic recombination in yeast can rely on non-interfering COs by 
Mus81, higher eukaryotes seem to employ other resolvases that produce interfering COs; 
accordingly, mus81 mutants in higher eukaryotes lack strong meiotic phenotypes (McPherson et. 
al. 2004) (Broman & Weber 2000)(Trowbridge et. al. 2007). The endonuclease essential for 
interfering COs in budding yeast and most higher eukaryotes (excluding Drosophila and C. 
elegans) is MutLγ, consisting of Mlh1 and Mlh3 (Wang et. al. 1999) (reviewed in Schwartz & 
Heyer 2011). While Mlh1-Mlh3 complexes preferentially bind HJs over other substrates, the 
endonuclease has only been shown to nick supercoiled DNA (Ranjha et. al. 2014)(Rogacheva et. 
al. 2014). These data lead to a continued search for additional genes that may be needed to 
confer resolvase activity in meiosis.  
Genetic evidence for a primary meiotic resolvase complex unique to Drosophila 
While this search continues across most multicellular organisms, genetic data implicates 
one structure-selective endonuclease for ~90% of interfering COs in Drosophila, MEI-9, and its 
binding partners ERCC1, MUS312 and HDM. Single mutants defective for MEI-9, ERCC1, 
MUS312 or HDM are classified as meiotic exchange mutants because the number of COs is 
reduced, but the overall CO profile across the chromosome arm remains unchanged (Yιldιz et. al. 
2002). Additionally, oocyte development observed via immunofluorescence (IF) of three single 
exchange mutants (mei-9, mus312, hdm) shows the same delayed oocyte development, termed 
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the “two-oocyte phenotype,” and indicative of meiotic defects (Joyce & McKim 2008). Both the 
exchange mutant phenotype and two-oocyte phenotype hint that the four gene products could 
work in the same pathway to coordinate CO formation, perhaps as a meiotic resolvase complex. 
Evidence for complex formation has been primarily supported by yeast two hybrid data that 
HDM interacts with MEI-9 and ERCC1, and MUS312 interacts with MEI-9 (Yιldιz et. al. 2002) 
(Joyce et. al. 2008). Below, we will describe each of the exchange mutant genes and speculate as 
to the role of each in crossover formation. 
MEI-9 endonuclease has roles in multiple repair pathways across orthologs 
MEI-9 has long been regarded as the meiotic resolvase despite any in vitro biochemical 
support (Youds & Boulton 2011) (Schwartz & Heyer 2011). Mei-9 mutants were first discovered 
by their X chromosome non-disjunction phenotype, indicating meiotic recombination failure 
(Carpenter & Sandler 1974). Further studies using genetic markers showed that mei-9 mutants 
have a 90% reduction in crossovers (Sekelsky et. al. 1995). Interestingly, while the overall 
crossover number was reduced, the placement of residual crossovers resembled that of wild type. 
This meiotic phenotype is classified as an exchange mutant because it does not affect the 
location of crossovers, but rather the levels, implying a role in the final step (cleavage) of CO 
formation (Baker & Hall 1976) This phenotype is supported by functional evidence for the role 
of MEI-9 and its orthologs as canonical structure selective endonucleases. MEI-9 and its 
orthologs in yeast and humans, Rad1 and XPF, respectively, are 3’ endonucleases and have been 
well characterized for their essential endonuclease role in correcting UV induced damage by 
nucleotide excision repair (NER) (Aboussekhra et. al. 1995) (Ciccia et. al. 2003) (Guzder et. al. 
1995). MEI-9 and orthologs are members of the XPF endonuclease family, which are also active 
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in interstrand DNA crosslink repair (ICL) via homologous recombination (HR), a similar 
pathway to meiotic recombination (Radford et. al. 2007) (Yιldιz et. al. 2002). 
The known roles for the binding partners of MEI-9 implicated in crossover formation 
Like most of the eukaryotic XPF family members, nuclease activity of MEI-9 is 
dependent on interaction with non-catalytic binding partners, which vary depending on the 
context of the repair process. ERCC1 has been regarded as the obligate binding partner of MEI-9 
and orthologs, as it is found in all known MEI-9 repair contexts and reduction in either MEI-9 or 
ERCC1 protein levels occurs with simultaneous protein level reduction of its partner (Davies et. 
al. 1995) (Sekelsky et. al. 2000) (Gaillard & Wood 2001). In addition, mutations in ercc1 show 
similar phenotypes to mei-9 mutants (Radford et. al. 2005). MEI-9-ERCC1 and orthologs also 
interact with MUS312 (SLX4 - in all other species) in several repair contexts and mus312 
mutants also show similar meiotic phenotypes to mei-9 mutants (Andersen et. al. 2009) (Fakairi 
et. al. 2009) (Svendsen et. al. 2009). In mice and humans, SLX4 acts as a scaffold for structure-
selective heterodimeric endonucleases, including SLX1, MUS81-EME1 and XPF-ERCC1 and 
plays an integral role in ICL repair (Castor et. al. 2013). In support of a role for SLX4 in altering 
the substrate specificity of XPF, mouse SLX4 mediates preference for splayed arms over stem 
loops by XPF for ICL repair (Hodkinson et. al. 2014). In yeast, Rad1-Rad10 (MEI-9-ERCC1) 
bind to Slx4 for 3’ flap cleavage in single strand annealing (SSA), a specific type of HR between 
direct repeats (Flott & Rouse 2005) (Flott et. al. 2007). HDM interacts with both MEI-9 and 
ERCC1 based on yeast 2 hybrid studies and MUS312 based upon in vitro expression data (Joyce 
et. al. 2008). Thus far, these interactions are unique to flies. Hdm mutants also show a reduction 
in crossover frequency, suggesting a meiosis-specific role for this interaction. Studies of the 
mouse HDM ortholog, MEIOB, support this meiotic role as Meiob-/- mice are sterile (Luo et. al. 
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2013) (Souquet et. al. 2013). Indicative of its name, this protein is predicted to contain an 
oligonucleotide binding (OB) fold, also predicted in HDM. OB folds recognize ssDNA or 
unusual DNA structures, and binding assays indicate MEIOB binds ssDNA or ss-tails (Luo et. al. 
2013). Additionally, MEIOB immunofluorescence (IF) shows consistent co-localization with 
RPA (a ssDNA binding protein important in stabilization of resected ends in DSB repair) and 
partial colocalization with essential meiotic recombination factors like DMC1 and MSH4 (Luo 
et. al. 2013).  
Speculative roles for the binding partners of MEI-9 implicated in crossover formation 
While the canonical meiotic complex may include all four exchange genes in a wild type 
setting, the integral role of COs could warrant the existence of several functional MEI-9 
containing resolvase complexes that vary in the non-catalytic binding partner composition. These 
complexes could act as a failsafe in the event of a missing partner. The reduced CO levels of the 
exchange mutants favor this prediction. Like mei-9 mutants, mus312 mutants show a drastic 95% 
reduction in COs, while hdm and ercc1 mutants show more modest reductions of 50 and 70%, 
respectively (Radford et. al. 2005) (Joyce et. al. 2008). These data suggest that MEI-9 and 
MUS312 are essential for CO formation, but that ERCC1 and HDM are required for only a 
subset of COs. Interestingly, the ercc1 hdm double mutant displays CO reduction comparable to 
mei-9 mutant levels (~90%) (Joyce et. al. 2008). This data suggests that ercc1 and hdm may be 
interchangeable non-catalytic binding partners of mei-9. Alternatively, the redundancy may 
represent a transient interaction of HDM with MEI-9-ERCC1 and MUS312, suggesting that 
HDM may localize the nuclease complex to its substrate in meiosis, but does not actually play an 
essential role in conferring cleavage ability. Our lab recently recovered the heteroduplex DNA 
patterns of crossovers that provide insight into their precursor intermediates, and these data 
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suggest either (1) dHJ are marked or oriented for biased cleavage (Figure 1.1H) or (2) that the 
precursor to a crossover could be an unligated (nicked) HJ (Figure 4.1D). This first possibility 
could be dictated by HDM, as its orthologs bind to ssDNA and it could therefore aid in localizing 
a MEI-9 complex to sites for cleavage yielding crossover formation. Alternatively, instead 
localizing MEI-9 to its meiotic substrates in vivo, HDM and/or MUS312 could mediate the 
substrate specificity of MEI-9 during meiosis. Thus, it will be crucial in our understanding of 
crossover formation to investigate the stability and substrate specificity of all the MEI-9 
containing exchange mutant complexes: the two trimeric complexes, MEI-9-MUS312-HDM and 
MEI-9-MUS312-ERCC1, and the tetrameric complex, MEI-9-ERCC1-MUS312-HDM. Whether 
or not these complexes can cleave intact HJs or nicked HJs will further aid in our interpretation 
of the heteroduplex DNA results mentioned above (Crown et. al. 2014).  
Attempts to purify full-length MEI-9-ERCC1-MUS312-HDM have had limited success 
Initial in vitro protein expression studies by our lab showed interactions between 
truncated forms of all four exchange class gene products (data not shown). Recombinant protein 
expressions of MUS312 in the presence of HDM notably increased when compared to MUS312 
alone, supporting an interaction between the two proteins (data not shown). However, upon 
crude purification of the four proteins, only MEI-9-ERCC1 and MUS312 seemed to co-elute, 
while HDM remained bound to the purification beads (data not shown). In this chapter, I attempt 
purification of full-length MEI-9-containing complexes from E. coli and insect cells for 
biochemical characterization. From E. coli, we partially purified MUS312 from RDK strain. 
From insect cells, we (1) purified MEI-9 and ERCC1 and determined its substrate specificity to 
be stemloop structures and (2) partially purified MUS312 and HDM. Initial expressions of MEI-
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9-ERCC1-HDM or MEI-9-ERCC1-MUS312 were insoluble. Below, we describe the methods 
and approaches for these studies and share thoughts on future directions.  
 
Results 
MEI-9-ERCC1 Cleave Stemloops 
The human orthologs of MEI-9-ERCC1, XPF-ERCC1 have been well characterized in 
nucleotide excision repair (NER) as the complex responsible for the nick 5’ of a lesion. In yeast, 
the orthologs of Rad1-Rad10 are also implicated in cutting 3’flaps that occur in single-strand 
annealing (SSA) when a break occurs within repetitive sequence (Flott & Rouse 2005) (Flott et. 
al. 2007). While mei-9 and ercc1 mutants are similarly sensitive to UV and methyl 
methanesulfonate (MMS) damage, we sought to determine whether the biochemical activity of 
the MEI-9-ERCC1 paralleled that of XPF-ERCC1 and orthologs (Radford et. al. 2005). We 
created two baculoviruses for the expression of both full-length MEI-9 (110kD) and 6x-Histidine 
(His)-ERCC1 (30kD), and purified the heterodimer from Hi5 insect cells (Figure 3.1). Because 
the heterodimer is stable, we utilized the Histidine tag on ERCC1 to purify both proteins 
complexed together.  
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Figure 3.1 Purification of MEI-9-ERCC1 heterodimer from insect cells. 
Coomassie stained 12% SDS-PAGE of fractions following (A) Nickel column for purification of 
heterodimer based on 6x-histidine tag on ERCC1 and (B) Anion exchange column following pooling of 
fractions from (A). “Load1 or 2” denotes the pooled sample loaded onto the column. “FT” denotes the 
flow-through fraction during injection of the sample unto the column. MEI-9-ERCC1 seen in these lanes 
did not bind to the column. “+MEI-9-ERCC1” denotes a sample expression. Marker sizes denoted to the 
right of each gel. 
 
Following successful purification, we next tested the substrate specificity of the MEI-9-
ERCC1 heterodimer (Figure 3.2). Characterization of XPF-ERCC1 orthologs shows variable 
cleavage of 3’flaps, splayed arms, bubbles, and stemloops (reviewed in Ciccia et. al. 2008). We 
initially tested whether the heterodimer MEI-9-ERCC1 could cleave 3’flaps, stemloops, and 
nicked or static HJ0s, and observed cleavage of the stemloop only and this cleavage occurred at 
the junction of the loop and the stem. Upon further inspection of cleavage assays, it is clear that 
MEI-9-ERCC1 has a slight sequence specificity, as seen in the higher concentration reactions 
where the 5’flap, nicked HJ and static HJ were cleaved at 5’-TêTCG-3’ in dsDNA regions. 
Interestingly, the nuclease-dead heterodimer contains a robust exonuclease activity not seen with 
the wild type heterodimer, likely caused by a co-purifying contaminant.  
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Figure 3.2 MEI-9-ERCC1 cleaves stemloops 2nM Substrates radiolabelled at the 5’ end of one strand 
(asterisks) were incubated with 20nM nuclease-dead (“D”) or 20nM, 400nM wild type MEI-9-ERCC1. 
Arrows indicate sites of cleavage determined by denaturing PAGE. Nucleotide ladder sizes give on the 
right side of gel. 
 
We next tested the heterodimer on a wider range of substrates, including splayed arms, 
replication forks and a bubble structure. We see that MEI-9-ERCC1 only cuts stemloops, and 
that another independent prep of the heterodimer yielded inactive protein (cleavage of stemloop 
only in sample “1”). Interestingly, we see that while the splayed arm substrate and the bubble 
substrate would be thought to mimic the structure of a stemloop, these other substrates were not 
cleaved by MEI-9-ERCC1. This limited substrate specificity may be due to a missing binding 
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partner that aids in the cleavage of other branched structures which is seen with the mouse 
orthologs, XPF and SLX4 (Hodkinson et. al. 2014). 
 
Figure 3.3 MEI-9-ERCC1 has a limited range of substrate specificity. 2nM Substrates radiolabelled at 
the 5’ end of one strand (asterisks) were incubated with 25nM MEI-9-ERCC1 (“1”), 63nM MEI-9-
ERCC1 from another purification (“2”), or 20nM DmGen (“3”) and cleavage determined by denaturing 
PAGE. Red and blue arrows indicate sites of cleavage by MEI-9-ERCC1 and DmGen, respectively. 
Nucleotide ladder sizes give on the left side of gel. 
 
Next, we were interested in evaluating the cleavage of the stemloop because there are 
multiple cleavage sites around the junction, so we performed kinetic assays in excess protein to 
determine whether these cuts were simultaneous or further cleavage of an initial product. We 
performed these kinetic assays at 25°C, the physiological temperature for Drosophila and at 
37°C. As hypothesized, 25°C is the optimal temperature for MEI-9 enzymatic activity. We 
observed that the two major cut sites (thick red arrows in Fig.3.3) were concurrent with the two 
minor cut sites (thin red arrows in Fig. 3.3).  
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Figure 3.3 MEI-9-ERCC1 cleaves stemloop at multiple sites simultaneously. Radiolabeled stemloop 
was incubated with excess MEI-9-His-ERCC1 and (A) time points were taken to determine cleavage at 
25°C (left) and 37°C (right) from denaturing PAGE. Red arrows indicate sites of specific cleavage 
determined by denaturing PAGE. (B) Progression curve of cleavage at each temperature. k at 37°C and at 
25°C was determined to be 0.076±0.0077 s-1 and 0.034± 0.014 s-1, respectively.  
 
Small-scale purification of MUS312 shows success from E. coli expressions  
One reason for this limited substrate specificity may be that the heterodimer requires 
additional binding partners to catalyze cleavage. In order to determine the role of MUS312 
and/or HDM on the substrate preference of MEI-9-ERCC1, we sought to express these 
complexes in E. coli and the baculovirus system. Using codon-optimized sequences for bacterial 
expression, we co-expressed MEI-9-ERCC1 and MUS312-HDM in pET Duet vectors designed 
for expression of multiple proteins (Table 3.1).  
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 Table 3.1 Expression of MEI-9 containing complexes in E. coli. Plasmids created with codon-
optimized DNA sequences for bacterial expression of MEI-9, ERCC1, MUS312 (M312), HDM. pACYC, 
pET Duet and pCOLA plasmids from the Duet system for expression of two genes and the ability to 
express 2 different plasmids for the expression of four genes at once. Checks denote “yes” and crosses 
denote “no”. 
 
One challenge that we encountered was solubility and compatibility. The use of the pET 
Duet system allows for expression of two plasmids containing two genes each. While we were 
able to see expression of MEI-9-ERCC1 in Rosetta II strain from the pET Duet vector and 
MUS312 in RDK stain from pACYC, the pACYC vector was incompatible with the Rosetta 
strain due both the strain and plasmid having antibiotic resistance to chloramphenicol. To fix the 
incompatibility, we expressed MUS312 in the pCOLA plasmid that has kanamycin resistance, 
but unfortunately MUS312 did not express in Rosetta II, only in RDK cells, so we could not co-
express the two vectors for co-expression of MEI-9-ERCC1-MUS312. HDM did not express in 
any of the cell lines that we tested. 
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 We performed a small-scale purification of MUS312, and observed partial purification of 
MUS312 confirmed by Western blot (data not shown). 
 
Figure 3.4 Small-scale purification MUS312. Coomassie stained 12% SDS-PAGE of fractions 
following purification from expression of MUS312 in RDK cells. “L” denotes the extraction loaded onto 
the HisTrap Nickel column, “P” denotes the insoluble pellet, and “FT” denotes the flow through of 
sample not bound to the column. Numbers correspond to the fraction sample following the imidazole 
elution. “Controls” denote samples from a previous attempt to purify MUS312 that was unsuccessful. 
MUS312=128kD. 
 
We did not scale-up these purifications because (1) HDM did not express and MEI-9-ERCC1 
were insoluble and (2) post-translational modifications (PTMs) may be important for MUS312 
activity, so we moved forward with expressions in the insect cell system. This system would 
allow for PTMs and a previous lab technician, Brie Petcher, was able to express modified 
constructs of all four proteins (data not available).  
Expression of MEI-9-ERCC1-MUS312-HDM requires multiple tags for soluble protein 
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Next, we created viruses for the expression of MEI-9-ERCC1-MUS312-HDM in insect 
cells. 
 
Table 3.2 Expression of MEI-9 containing complexes in insect cells. Viruses created expression of 
MEI-9 (M9), ERCC1 (E1), MUS312 (M312), HDM in pFastBac (pFB) or pFastBacDual (pFBD). bDJR 
indicates bacmid and vDJR indicates virus. Checks denote “yes” and crosses denote “no”. 
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First, we copied the affinity tags that were successful in Brie’s truncated protein expressions and 
created MEI-9-HA and ERCC1-strep (vDJR-58) and His-MUS312 and HDM-flag (vDJR-59) in 
insect cells using the baculovirus system. We expressed protein and performed a small-scale 
purification. 
 
Figure 3.5 Small-scale purification of MEI-9-ERCC1 and MUS312-HDM. Coomassie stained 12% 
SDS-PAGE of fractions following purification from co-expression of MEI-9, His-ERCC1 and HDM in 
adherent Sf9 insect cells. “L” denotes the extraction loaded onto the HisTrap Nickel column, “P” denotes 
the insoluble pellet, and “FT” denotes the flow through of sample not bound to the column. Numbers 
correspond to the fraction sample following the imidazole elution. “Controls” denote samples from a 
previous attempt to purify MEI-9, ERCC1 and MUS312 that was also unsuccessful. MEI-9 = 110kD, 
MUS312=128kD, HDM=55kD, ERCC1=29kD 
 
Trials for the co-expression of all four proteins were not attempted because there was concern 
that the tags on each protein might promote artificial association of the proteins. Instead, the next 
strategy employed was to determine the lowest expressing member, and tag this protein with a 
6x-Histidine tag. By using the nickel affinity purification scheme, only the proteins complexed 
together would be purified. Ultimately, we found that while we could purify MEI-9 and His-
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ERCC1, solubility issues prevented us from purifying MUS312 or HDM. Congrats, you read 
deep enough into my negative results to warrant a candy bar. If you let me know that you found 
this sentence, I will buy you one of your choice. In attempts to increase solubility, we added a 
cleavable Maltose binding protein (MBP) tag to MUS312 and HDM, but neither protein was 
soluble (Figure 3.6). We also tried increasing the salt concentration during lysis and a screen of 
different detergents to increase solubility during extraction, but neither of these methods was 
successful (data not shown but available in digital notebook DJR #5). Interestingly, MEI-9 and 
ERCC1 are soluble alone (Figure 3.1), but co-expression with HDM or MUS312 lead to 
insoluble protein, suggesting that the three proteins were associated. 
 
Figure 3.6 Attempted purification of MEI-9-ERCC1-HDM yields no soluble protein. Coomassie 
stained 12% SDS-PAGE of fractions following attempted purification from co-expression of MEI-9, His-
ERCC1 and HDM in suspension Hi5 insect cells. “L” denotes the extraction loaded onto the HisTrap 
Nickel column, “P” denotes the insoluble pellet, and “FT” denotes the flow through of sample not bound 
to the column. Numbers correspond to the fraction sample following the imidazole elution. “Controls” 
denote samples from a previous attempt to purify MEI-9, ERCC1 and MUS312 that was also 
unsuccessful. 
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Recommendations for future efforts to purify MEI-9 complexes 
For future attempts at purifying MEI-9-ERCC1-MUS312-HDM, I would recommend 
returning to the initial virus trials with multiple tags (vDJR-58 & 59). Because it has been several 
years since the creation of those viruses, I would re-make the viruses from the bacmid DNA and 
try large-scale expression in Hi5 suspension. When these were originally created, I was still 
expressing in adherent cells in the Sekelsky lab rather than suspension cells in the Ramsden lab, 
which is well suited for these conditions. Another strategy worth re-investigating is purification 
of MUS312 alone from E. coli. Following purification, a trimer of MUS312-MEI-9-ERCC1 
could be reconstituted using the purified heterodimer from insect cells. 
  
Discussion 
MEI-9 may require MUS312 for cleavage of structures other than stemloops 
Here, we show that MEI-9-ERCC1 heterodimer in flies cleaves stemloops, but not 
splayed arms or 3’flaps like other orthologs. In our studies, the stem and loop length varied 
between 12 or 25 basepairs (bp) and 22 or 25 nucleotides (nt), respectively; however, both 
stemloop structures were cleaved 1-3 nt 5’ of the junction. Studies with ortholog XPF-ERCC1 
showed that loops >8nt were best for cleavage, while the stem portion seemed fine for cleavage 
in as little as 12 bp, with major cleavage also 2-3 nt from the junction within stem (de Laat et. al. 
1998). Because the length of the looped region in both of our tested structures did not vary 
greatly, it would be interesting to test whether MEI-9-ERCC1 cut SL structures with shorter 
loops. The biochemical characterization of XPF-ERCC1 orthologs differs depending on the 
study, with some showing cleavage on splayed arms and 3’flaps, while other studies do not (de 
Laat et. al. 1998)(Wyatt et. al. 2017). Studies with mouse XPF-ERCC1 show that splayed arm 
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cleavage only occurs with the addition of SLX4 (Hodkinson et. al. 2014). Our studies did not 
detect SA cleavage by MEI-9-ERCC1, so I predict that like the mouse orthologs, the activity on 
SAs is facilitated by MUS312. While Rad1-Rad10 in yeast are implicated in cleavage of 3’flaps 
in single strand annealing (SSA), an SSA study in flies did not show a reduction in SSA in mei-9 
mutants, but a slight reduction in mus312 mutants (Wei & Rong 2007). While MUS312 itself 
does not have a nuclease domain, it acts as a scaffold for multiple structure-selective 
endonucleases. The limited substrate specificity observed by the MEI-9-ERCC1 heterodimer 
could be because MUS312 activates the nuclease activity. MUS312 interacts with MEI-9 and 
SLX1 in Drosophila, and in humans and mice, the same interactions have been confirmed along 
with an additional SSE, MUS81 (Andersen et. al. 2009) (Fekairi et al., 2009; Muñoz et al., 2009; 
Svendsen et al., 2009). In BLM deficient cells, SLX4-SLX1-MUS81-EME1 form the MUS-SLX 
complex for cleavage of HJ that would normally be dissolved by the BTR complex (Wyatt et. al. 
2013)(Castor et. al. 2013)(Garner et. al. 2013). Mus81 has not been implicated in meiotic 
crossovers in flies (Trowbridge et. al. 2007), and it seems likely that Drosophila slx1 is also not 
involved as slx1 mutants do not exhibit increased non-disjunction as other genes that cause a 
reduction in crossovers do (unpublished slx1 data from Kenny Kuo; Joyce et. al. 2008; Yιldιz et. 
al. 2002; Sekelsky et. al. 1995; Radford et. al. 2005) 
Alternative proposal for crossover formation 
Double Holliday junctions are the proposed intermediates of meiosis whose cleavage 
results in the formation of essential crossovers. The dHJ pre-cursor is largely founded on data 
from prokaryotes or yeast – electron microscopy of intermediates from E. coli or yeast and 2D 
gel analysis of these meiotic recombination intermediates (Bell and Byers 1979)(Schwacha and 
Kleckner 1995). Interestingly, these intermediates have never matched the substrate specificity 
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of the genes implicated in meiotic crossover formation. This inconsistency of in vitro and in vivo 
data could be because (1) meiotic crossover formation involves more genes than have been tested 
in vitro or (2) the pre-cursor DNA intermediate of crossovers is not a canonical intact HJ. Below, 
we will explore the data in support of both of these hypotheses. 
 Meiotic crossovers are essential for sexually reproducing species, and as such many 
genes regulate and control the precise timing and chromosomal location of crossovers. 
Redundancies in essential roles may exist as a safeguard against missegregation or failed 
recombination. Therefore, it is not infeasible to surmise that the physical cutting of the precursor 
molecule could involve multiple genes products that, when together, change the specificity of an 
individual endonuclease, or also possibly allow for other additional endonucleases to be present 
in case the cleavage fails. In this way, designation of which endonuclease in a multi-
endonuclease complex cleaves a substrate may be a matter of affinity for the specific pre-cursor 
molecule. A very recent example of this idea of a multi-endonuclease complex is the interaction 
of scaffolding protein SLX4 with three endonucleases, MUS81, XPF, and SLX1 called the SMX 
complex. Compared to the MUS-SLX complex (SLX4-MUS81), the SMX complex cuts 
substrates with a higher kcat than the MUS-SLX complex, or the three individual endonucleases 
alone (SLX1-4, MUS81-EME1, XPF-ERCC1) (Wyatt et. al. 2017). If this complex is 
biologically relevant, then the endonuclease with the highest affinity for a specific substrate may 
play a cutting role in wild type situations, whereas in single mutants, an appreciable decrease in 
crossovers may occur if you mutate the major nuclease player with the highest affinity for the 
intermediate of the pathway, but residual activity will still remain from the other nucleases being 
present. This could certainly be the case in Drosophila as ~90% and ~95% of crossovers are 
decreased in mutations in the endonuclease, mei-9, or the nuclease scaffold, mus312 (Slx4 in 
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other species). Such a multi-nuclease setup could explain why crossover reduction in an ercc1 
mutant, the non-catalytic binding partner of mei-9, is not as severe (~85% crossover reduction) 
and perhaps the other gene products of the complex offer stability for the essential nuclease 
activity of MEI-9 (Radford et. al. 2005). A similar idea that essential genes are missing is 
thought to explain why Mlh1-Mlh3, the pro-crossover endonuclease in almost every other 
species, has only been shown to nick supercoiled DNA while binding to HJs preferentially 
(Rogacheva et. al. 2014)(Ranjha et. al. 2014). 
 Following the discovery that genetically, mus81 is responsible for the >90% and 40% of 
crossovers in fission and budding yeast, respectively, yet its biochemistry suggested that it did 
not cut HJs was quite the quandary as meiotic intermediates from fission and budding yeast had 
been analyzed by 2D gel, excised, and visualized by electron microscopy to be single and double 
HJs, respectively (Cromie et. al. 2006). Models involving flaps, nicked HJs, or D-loops as 
essential crossover precursors were then proposed to satisfy the seemingly incongruent genetic 
and biochemical data (de los Santos et. al. 2003) (Osman & Whitby 2003) (Whitby 2005). 
Furthermore, since a Mus81-Eme1 heterodimer would only contain one catalytic domain, the 
proposal of an intermediate only needing one nicked was more justifiable given that 
stoichiometry studies showed a single heterodimer binding to DNA (Schwartz et. al. 2012). Our 
lab has recently created a method to recover “meiotic signatures” of precursor molecules in 
Drosophila that also are suggestive of a nicked HJ (Crown et. al. 2014). While this model also 
implicates only one endonuclease necessary for crossover formation, the field still awaits the 
characterization of MEI-9 complexes to provide greater push for the nicked HJ intermediate. 
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Methods 
Expression of His-MEI-9-HA ERCC1-strep, HDM-flag and His-MUS312 in E. coli cells 
Codon-optimized (GenScript) sequences were cloned in either pET Duet, pACYC or 
pCOLA (Novagen) using infusion (Clonetech). For specific details regarding primers and 
restriction endonucleases, please see DJR lab notebooks #1-2. Expression of protein in AI, 
Origami (both kind gifts from Matt Redinbo) RDK (kind gift from Steve Matson), BL21 DE3 
(NEB), SoluBL21 (Amsbio) or Rosetta II (Novagen) strains was induced by 0.1,0.25, 0.5, 1, or 
2mM IPTG in 50mL of 2xYT media at 37°C for 4-6 hrs, 25°C for 8-10hrs, or 18°C for 18-20hrs.  
Expression of MEI-9 and 6xHis-ERCC1 from Adherent Hi5 cells 
Baculoviruses for the expression of full-length MEI-9 and 6x-His-ERCC1 were created 
following protocols of Invitrogen “Bac-to-Bac Baculovirus Expression System” (4 Sept 2010). 
For protein expression, 200μL/plate of both vDJR-36 (pFastBacDual p10 mei-9) and vDJR-37 
(pFastBacDual pH 6xHis-ercc1) 2° virus was used to infect (8)-150mm plates of Hi5 cells at a 
density of 4.8e6 cells/plate grown in Express Five medium (Thermo Scientific) supplemented 
with 16mM L-glutamate and 100μg/mL penicillin-streptomycin. Cells were incubated at 27°C 
for 72hrs, and harvested at 200xG for 5min. Approximately 0.5g of cells were pelleted from each 
plate, yielding 4g total for purification. 
Expression of MEI-9, ERCC1, HDM, MUS312 from suspension Hi5 cells 
Baculoviruses for the expression of full-length MEI-9, ERCC1, HDM, MUS312 
containing 6x-His tag or 6-6x-His-Tev-MBP tag were created following protocols of Invitrogen 
“Bac-to-Bac Baculovirus Expression System” (4 Sept 2010). For more information on cloning 
specifics such as primers and restriction sites, please see notebooks DJR #2-4. For protein 
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expression using adherent Sf9 cells, 700uL of 2° vDJR-58 (pFBD His-MEI-9-HA ERCC1-strep) 
or vDJR-59 (pFBD His-MUS312 HDM-flag) was added to 40mL of cells at a cell density of 
1x106 cells/mL for 48-72 hrs incubated at 27°C. Approximately 1mL sample of expressions was 
purified using Ni-NTA Spin Columns (Quiagen). Briefly, cells were lysed in 600uL lysis buffer 
(50mM Sodium Phosphate pH 8.0, 250mM NaCl, 0.2% Triton, 25mM Imidazole, 1mM DTT 
and protease inhibitors) at 4°C for 20min nutating. Approximately 125μL of 4M NaCl was added 
to the lysis before sonicating in Bioruptor (Diagenode) on high for 10min total, 30s on and 30s 
off. Sample was centrifuged in microcentrifuge at top speed for 15min and the supernatant was 
extracted (“soluble”). Pellet (insoluble protein) was resuspended in lysis buffer ~750μL and 
sonicated until pellet entered solution so that a sample for the SDS-PAGE could be analyzed 
(“pellet”). Samples were run on 12% SDS-PAGE at 100-120V for ~1.5-2.5hrs, gel was stained 
with Coomassie overnight, and destained for ~4hrs. For protein expression, 200μL/100mL Hi5 
cells of both vDJR-36 (pFastBacDual p10 mei-9) and vDJR-37 (pFastBacDual pH 6xHis-ercc1) 
2° virus was used to infect (8)-150mm plates of Hi5 cells at a density of 4.8e6 cells/plate grown 
in Express Five medium (Thermo Scientific) supplemented with 16mM L-glutamate and 
100μg/mL penicillin-streptomycin. Cells were incubated at 27°C for 72hrs, and harvested at 
200xG for 5min. Approximately 0.5g of cells were pelleted from each plate, yielding 4g total for 
purification. 
Purification of MEI-9-6x-His-ERCC1 
All steps were performed at 4°C unless otherwise stated. 25mL of “Extraction Buffer” 
(50mM Sodium Phosphate pH 8.0, 600mM KCl, 0.2% Triton, 30mM Immidazole, 1mM DTT 
and protease inhibitor cocktail) was used to lyse cells and rotated at 4°C for 10min, then cells 
were sonicated (15% amp for 5min, 3s on, 3s off) and spun down at 16,000rpm for 30min in 
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Sorvall RC-5B Refrigerated Superspeed Centrifuge (Du Pont Instruments) in ss-34 rotor. 
Supernatant was incubated with 500μL of 50% polyethyleneimine and rotated for 10min. 
Supernatant was spun down at 16,000rpm for 10min. Supernatant was then incubated with 
approximately 3mL of generated phosphocellose and rotated for 10min. Mixture was then 
filtered through Whatman paper using a 50mL syringe and column, and then spun down at 
16,000rpm for 10min. The supernatant (~25mL, i.e. “His column load”) was loaded into the 
50mL superloop for injection onto 1mL FastFlow HisTrap column (GE Technologies) at 
0.5mL/min on the AKTA Pure 25 FPLC in “Extraction Buffer”. The “HisTrap” method was used 
for column run. Briefly, the after loading of the sample, the column was washed with “Nickel 
Buffer A” (25mM Tris pH 8.0, 150mM KCl, 0.05% Triton, 30mM Immidazole, 1mM DTT)) for 
15 column volumes (CV) until the conductance monitor was stable. The column bound 
complexes were eluted step-wise at 35% “Nickel Buffer B” (25mM Tris pH 8.0 150mM KCl, 
1M Immidazole, 1mM DTT) and collected in 250μL fractions. 10μL of each fraction were 
visualized on a Coomassie stained 12% SDS-PAGE, and the fractions containing MEI-9-6x-His-
ERCC1 were pooled, and diluted in a saltless “Mono A-salt” (25mM Tris pH 8.0, 10% glycerol, 
1mM DTT) for a total of ~4mL to load onto an equilibrated anion exchange Mono Q HR 1mL 
column (GE Technologies) via the 10mL superloop. Following loading, the column was washed 
with 5CV of “Mono A” (25mM Tris pH 8.0, 100mM KCl, 10% glycerol, 1mM DTT) and then 
eluted via gradient from 0-50% “Mono B” (25mM Tris pH 8.0, 1M KCl, 10% glycerol, 1mM 
DTT) over 15CV collecting 250μL fractions. 10μL of even-numbered fractions were visualized 
on a Coomassie stained 12% SDS-PAGE. Fractions containing pure MEI-9-6x-His-ERCC1 were 
pooled, and snap frozen for storage at -80°C at a concentration of 1.5-3.0μM. 
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Nuclease Assays 
 
Table 3.3 Oligos used for DNA Substrates in MEI-9 studies. 
Synthetic DNA substrates were prepared by annealing oligonucleotides, shown in Table 
3.3. Oligonucleotides (oligos) 888, 891, 892, 893, 894, 895, 897, 992 were described previously 
(Kaliraman et. al. 2001); 940, 994, 888+10, 990+10 were modified from these. All substrates 
were prepared as previously described (Wright et. al. 2011). Briefly, one oligonucleotide was 5’ 
end-labeled using T4 polynucleotide kinase and γ-32P ATP. Substrates were annealed in 
annealing buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 50 mM NaCl, 5 mM DTT), PAGE-
purified, and quantified by A260. 
For nuclease assays, MEI-9-His-ERCC1 was incubated with the 32P-labeled structures in 
a 10 µl reaction mixture containing 20 mM HEPES pH 7, 250 µg/ml BSA, 1 mM DTT, 5% 
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glycerol, 50 mM KCl, and 2 mM MgCl2 at 25°C (unless otherwise specified). For fixed end-
point assays, unless otherwise indicated, 20-60 nM protein was incubated with 2 nM substrate 
for 75min. The reaction was stopped by adding an equal volume of formamide loading dye (85% 
formamide, 50 mM ethylenediaminetetraacetic acid (EDTA), 1% bromophenol blue, 1% xylene 
cyanol), heated at 95°C for 5 min, and a fraction was loaded onto a polyacrylamide gel. After 
electrophoresis, gels were dried and imaged on a Typhoon Trio+ (GE Healthcare Life Sciences). 
Bands were quantified using ImageQuant (GE HealthCare Life Sciences). 
For the kinetic analysis, 1 µl aliquots were removed and quenched in 2.5 mg/ml 
Proteinase K, 2.5% SDS, and 125 mM EDTA for time points. The amounts of protein and 
substrate used in the kinetics assays are given in the figure legend. To determine the percentage 
substrate cleaved, the amount of product was calculated as a fraction of the total radioactivity per 
lane. The apparent pseudo first-order rate constant, kapp, for each concentration was determined 
by fitting the full reaction curves to a single-exponential function [(y = A*exp(kappt) + C] using 
KaleidaGraph software (Synergy Software, Reading, PA).  
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CHAPTER 4. DISCUSSION AND FUTURE DIRECTIONS 
 
Recombination is the process by which genetic material is rearranged, and this occurs in 
the context of gamete formation in meiosis and DNA damage repair in somatic cells. Even 
though the final product of meiotic and homologous recombination generally differs, with 
crossovers (COs) being favored in meiosis and non-crossovers (NCOs) being preferred in 
mitosis, many of the steps and proteins involved in recombination are conserved across the two 
contexts. The focus of this work is the biochemical characterization of two structure selective 
nucleases in Drosophila melanogaster, Gen and MEI-9. The study of these enzymes in flies are 
unique in that they retain qualities found in their orthologs, but also play primary roles in 
homologous and meiotic recombination unlike in other species. Both proteins are implicated in 
the cleavage of a four-stranded recombination intermediate known as the Holliday junction (HJ). 
In this work, I showed that while DmGen and HsGEN1 cleave HJs, these two resolvases cleave 
5’flaps at a higher rate. Additionally, I contributed to our preliminary understandings of the 
endonuclease activity of MEI-9 and its accessory components. These data, along with an 
evaluation of other data suggest that HJs may be less commonly encountered in a wild type 
setting.  
  
 104 
 
Overview & implications of major findings 
Recombination is an integral process for DNA damage repair as well as for horizontal 
gene transfer during conjugation or transduction (Lloyd et. al. 1992). Robin Holliday proposed a 
molecular model for recombination that included a four-stranded intermediate linking two DNA 
helices (Holliday 1964). Support for the existence of this intermediate, now termed a Holliday 
junction (HJ), came from electron microscopy of phage lambda DNA undergoing recombination 
in E. coli (Valenzuela et. al. 1975). In vitro synthetic HJ cleavage assays using prokaryotic 
enzymes, like RuvC, provided the first direct evidence for the existence of structure-selective 
endonucleases (SSEs) capable of HJ cleavage, termed HJ resolvases (Mizuuchi et.al. 1982). 
Prokaryotic resolvases show preference for HJs over other DNA branched structures and cleave 
symmetrically about the HJ axis, creating duplex DNA products with a nick that can be ligated 
without additional processing (Bennett et. al. 1993). These properties became the benchmark for 
defining canonical resolvases. Their in vivo resolvase function was evident in that mutations in 
the genes encoding these enzymes led to reduced recombination and sensitivity to DNA 
damaging agents (Sharples 1990).  
The in vivo and in vitro evidence for resolvase function in bacteria led to the search for 
similar activities and genes in eukaryotes. Electron microscopy of yeast recombination 
intermediates provided visual evidence that eukaryotic recombination can involve Holliday 
junction intermediates (Bell 1979). Extensive in vitro studies of HJ cleavage activity identified 
Yen1 in budding yeast and GEN1 in human cells (Ip et. al. 2008)(Rass et. al. 2010), as well as 
the MUS81–EME1–SLX1–SLX4 complex (hereafter called MUS-SLX complex) in humans and 
mice (Castor et. al. 2013)(Garner et. al. 2013) (Wyatt et. al. 2013). HsGEN1 dimerizes on HJs to 
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coordinate symmetrical cleavage across the HJ, whereas MUS–SLX resolves HJs through the 
coordination of a nick by SLX1 with a counter-nick by MUS81–EME1.  
Although HsGEN1 and the MUS–SLX complex display canonical resolvase activity 
similar to that of bacterial resolvases, their biochemical properties differ from those of bacterial 
resolvases in stoichiometry and substrate specificity. Bacterial and phage resolvases exist as 
obligate homodimers in solution and bacterial resolvases cleave a limited class of structures, 
such as three or four-stranded junctions. In contrast, the MUS81-EME1 heterodimer, the SLX1-
SLX4 heterodimer and the GEN1 monomer each display catalytic activities on a variety of 
branched DNA structures, including flaps, replication forks. The two heterodimers or two Gen 
monomers can assemble on HJs to catalyze their cleavage (Wyatt et. al. 2013, Rass et. al. 2010). 
Likewise, we show that DmGen also appears to be primarily monomeric in solution (Figure 
2.11-13), and homodimerizes upon HJs as well as 5’flaps (Figure 2.14). While the ability to 
dimerize upon 5’flaps has not been tested for HsGEN1, Yen1 appears to dimerize on 5’flaps and 
HsGEN1 has been shown to dimerize on duplex DNA (Figure 6E from Blanco et. al. 2014; 
Supplemental Figure 5 in Rass et. al. 2010). DmGen cleaves a variety of branched substrates 
including 5’flaps, replication forks, splayed arms, and several different HJs (Figure 2.5). In 
stark contrast to the prokaryotic resolvases, we show that both DmGen and HsGEN1 cleave 
5’flaps at a higher rate than immobile HJs (Figure 2.17), suggesting that these simpler branched 
substrates may be more important substrates for Gen orthologs in vivo. 
Just as the biochemical properties of eukaryotic “resolvases” do not correspond to those 
of bacterial resolvases, mutations in the genes encoding eukaryotic enzymes do not cause the 
same recombination defects seen in prokaryotic resolvase mutants. In eukaryotes, the observable 
outcome of reduced meiotic recombination in vivo is the loss of meiotic crossovers, which is the 
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exchange of flanking DNA markers between homologous chromosomes. While mutations in 
Mus81 in fission yeast drastically reduced the number of COs, mutations in the Mus81 orthologs 
in budding yeast, Arabidopsa, C. elegans, and mice all show that Mus81’s role in CO formation 
is secondary, at best (Boddy et. al. 2001)(Osman et. al. 2003)(de los Santos et. al. 2003)(Higgins 
et. al. 2008)(Holloway et. al. 2008) (0’Neil et. al. 2013). Furthermore, COs by Mus81 lack 
conserved meiotic regulation such as CO interference and assurance (Ehmsen & Heyer 2009) 
(Holloway et. al. 2008). CO levels are normal in Slx1 mutants, suggesting that Mus81’s role in 
meiosis is distinct from a coordinated action with endonuclease Slx1 (Fabre et al. 2002; Bastin-
Shanower et al. 2003; Fricke and Brill 2003). Likewise, Yen1/GEN1 are dispensable for meiotic 
recombination in yeast, Drosophila, and higher eukaryotes (Matos et. al. 2010)(Stephanie 
Bellendir and Kale Hartmann, unpublished data)(Wang et. al. 2016). The endonuclease essential 
for meiotic recombination in budding yeast and most higher eukaryotes (excluding Drosophila) 
is MutL homolog complex, MutLγ, consisting of Mlh1 and Mlh3 (Wang et. al. 1999) (reviewed 
in Schwartz & Heyer 2011). While Mlh1-Mlh3 complexes preferentially bind HJs over other 
substrates, the endonuclease has only been shown to nick supercoiled DNA (Ranjha et. al. 
2014)(Rogacheva et. al. 2014). It has been suggested that other protein components may be 
necessary to stimulate HJ cleavage, similar to the altered substrate specificity seen in the MUS-
SLX complex (and now, with the addition of XPF-ERCC1, the SMX complex) (Wyatt et. al. 
2017) compared to its individual components. In flies, MEI-9 is the endonuclease responsible 
for ~90% COs (Sekelsky et. al. 1995), but the SLX4 (MUS312) scaffold clearly has a role as 
~95% of COs are reduced in mus312 mutants (Yιldιz et. al. 2002). Our preliminary biochemistry 
support the role of additional proteins for HJ cleavage as MEI-9-ERCC1 alone cuts only 
stemloop structures (Figure 3.2-3). While we began preliminary trials for expression of MEI-9 
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complexes containing “pro-CO” genes, we were unable to purify a soluble complex at this time 
(Tables 3.1-2). Further attempts to purify these complexes will help to answer this highly 
awaited question. 
An additional in vivo role of prokaryotic resolvases is DNA damage repair, as HJs are 
generated in the repair of damage. Although loss of Mus81 results in hypersensitivity to a broad 
range of DNA damaging agents (Boddy et. al. 2000)(Interthal and Heyer 2000), these 
sensitivities are not reproduced in Slx1 mutants, which display weaker sensitivities or 
sensitivities to a different set of damaging agents (Castor et. al. 2013) (Fricke and Brill 2003). 
These findings suggest that many of Mus81’s repair functions lie outside of a MUS–SLX 
complex, and thus, outside of canonical resolvase activity. GEN1 resolvase is genetically less 
complicated because it only involves one gene. However, mutations in S. cerevisiae yen1 or 
murine Gen1 do not cause any apparent DNA repair defects on their own, but do increase the 
severity of mus81 mutant phenotypes in double mutants, suggesting that Yen1/Gen1 act 
primarily as backups to Mus81 (Blanco et. al. 2010)(Sarbajna et. al. 2014). Consequently, one of 
the primary challenges to characterizing Yen1/GEN1 has been the need to study the null effect 
in the background of null mutations in other endonucleases. 
Drosophila provides a unique platform for understanding functions of Yen1/GEN1 
because the hierarchical relationship between DmGen and Mus81 is reversed. Unlike in other 
organisms, Drosophila mus81 mutants are hypersensitive to only a few DNA damaging agents, 
and then only mildly (Towbridge et. al. 2007). Furthermore, in the absence of the DNA repair 
helicase Blm, loss of DmGen causes a much more severe phenotype (death early in larval 
development) than loss of Mus81 (death late in pupal development) (Andersen et. al. 2011). 
Here, we confirmed that DmGen is important in DNA damage repair. Stephanie Bellendir’s 
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genetic assays showed that, unlike in yeast and mammalian cells, Gen single mutants are 
severely hypersensitive to several different DNA damaging agents (Figure 2.1). This genetic 
difference would suggest that perhaps DmGen differs in its biochemical properties from other 
orthologs, but as mentioned above, we showed that the biochemistry of DmGen was largely 
identical to its human orthologs (Figures 2.17). These findings suggest that (1) DmGen 
possesses similar properties to the mitotic roles of Mus81 in other species – sensitivity to DNA 
damaging agents and a preference for simpler branched structures. Furthermore, these findings 
(2) highlight the utility of using the Drosophila model system to further understand this class of 
enzymes as well as the in vivo intermediates that they cleave. Below, we will explore these two 
implications. 
Determining DNA intermediates is no trivial task 
Genetic studies of Gen and mus81 in flies showed that Gen mutants are more sensitive to 
a variety of DNA damaging agents than mus81 mutants (Figure 2.1). This is in stark contrast to 
results in other species, where mus81 predominates over yen1/GEN1 in repair (Matos et. al. 
2010). Yet, both Mus81 in other species and DmGen prefer flap substrates over intact HJs. So 
while the identity of the preferred endonuclease is switched in Drosophila, it still retains a 
preference for simpler branched substrates like the preferred endonuclease (Mus81) in all other 
species. The question now arising from these data is: are the intermediates of these repair 
pathways really intact HJs? There are multiple reasons why answering this question is no trivial 
task. First, eukaryotes are highly redundant, both in the number of repair pathways that can 
process the same DNA lesion or intermediate and the number of proteins able to do similar tasks. 
Second, while there are multiple damaging agents that can induce similar lesions, each agent 
may cause a slightly different presentation of the lesion in DNA. For example, the actions of 
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nitrogen mustard (NH2), mitomycin C (MMC), and Cisplatin all cause interstrand crosslinks, but 
the actual distortion to either the DNA major or minor groove is unique (reviewed in Noll et. al. 
2006). Furthermore, the timing of the damage may also induce different repair pathways at 
different times in the cell cycle. Finally, there may be differences when comparing wild type 
response to endogenous DNA damage to treatment with a damaging agent that causes excessive 
alterations that need repair. In this way, it is particularly challenging to detect DNA 
intermediates in a wild type context because of their limited occurrence and short lifetime. In the 
study of resolvase genes, these challenges are particularly prevalent and yet, the response to 
damage can be oversimplified in our efforts to make generalized conclusions. A common 
oversimplification in the field is that in somatic cells, the damage caused by ionizing radiation 
(IR), interstrand crosslinking agents (such as HN2, MMC and Cisplatin), alkylating agent methyl 
methanesulfonate (MMS), ribonucleotide reductase HU, and Topoisomerase I poison 
Camptothecin funnel into homologous recombination (HR). Another common oversimplification 
is an overlook of potential endonuclease cleavage opportunities on non-HJs in a wild type 
setting. As non-COs are the favored product of wild type HR in mitotic cells, HR is generally 
presented in a very chronological order. First, synthesis-dependent strand annealing (SDSA) is 
the initial bifurcation following strand invasion leading to early COs (this sense of timing may be 
a “fossil” from meiotic recombination studies). Those strand invasions that “escape” SDSA 
continue to synthesize across the D-loop and second end capture creates a dHJ intermediate. The 
BLM-Top3-RMI1/2 (BTR) complex dissolves this dHJ intermediate to create the preferred non-
CO product. Failure to dissolve can then be cleaved by resolvases to form COs or non-COs. In 
this process, endonucleolytic cleavage by the primary resolvase would be a tertiary backup 
mechanism, and those by other resolvases would be quaternary backups, and so on. Clearly, this 
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is an antiquated, static view of DNA repair and resolvase activity that overlooks the fact that all 
eukaryotic resolvases cleave other branched structures. There are multiple points at which these 
other branched intermediates may appear in during repair processing, such as synthesis past the 
other end of the break, leading to the formation of flapped DNA (Figure 4.1). With this wide and 
inseparable array of cleavage activity, is it hard to decipher the biological endonuclease activity 
that is used predominantly in wild type cells for DNA repair.  
Crossovers as a readout for resolvase activity 
Historically, the reciprocal exchange of genetic material between two chromosomes (or 
sister chromatids), termed COs, has been the genetic readout for HJ resolvase activity in vivo 
because the orientation of the cutting of a HJ can unlink parental genes from one another and 
create these resulting recombinant combinations of genes. COs between homologous 
chromosomes can be deciphered when allelic differences exist between the parental and maternal 
chromosomes and are common in meiotic recombination. Mitotic COs are not seen in wild type 
cells, presumably because prominent anti-CO helicase BLM is active in the cell. In the absence 
of BLM, sister chromatid exchange (SCE), the readout for COs between sister chromatids, is 
elevated. SCE is a feature of Bloom syndrome patient cells, and individuals with Bloom’s 
syndrome have a high incidence of cancer, presumably from these exchanges and 
rearrangements (Heartlein et. al. 1987)(Doe et al., 2000). As exchanges are thought to be the result 
of HJ cleavage by resolvases, SCE can be reduced by an additional mutation in one of the 
endonucleases (Mus81, GEN1, and to a lesser extent SLX1) in mouse and human cells (Wyatt et. 
al. 2013, Castor et. al. 2013, Garner et. al 2013). These data are thought to support the idea that 
in wild type cells, BLM helicase acts to ensure non-CO formation through synthesis-dependent 
strand annealing, or if intermediates mature to HJs, then through the BLM-topo1-rmi1/2 
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complex, two HJs can be decatenated and result in non-COs. In this model, the endonucleases 
play a backup to BLM helicase activity.  
Current data suggesting HJs as intermediates & the use of Gen to determine intermediates 
While this model of BLM activity has been long-lived and supported by in vitro 
biochemical assays that show BLM’s ability to migrate HJs, BLM null or knockdown cells have 
been used to demonstrate that HJs are the in vivo intermediates of homologous recombination 
(Wu and Hickson 2003). Historically, overexpression of a resolvase rescuing a certain phenotype 
has been used to demonstrate that the DNA intermediates are HJs. In meiotic cells, initial 
characterization of mus81 in S. pombe argued that HJs were the intermediates of meiosis because 
the missegregation phenotype was rescued by expression of RusA (Boddy et. al. 2001). In 
mitotic cells, expression of RusA was used to elevate SCE in BLM- MUS- cells, demonstrating 
that HJ cutting is the source of SCEs (Garner et. al. 2013). In an even more elegantly designed 
rescue experiment, the Rouse lab created an SLX1DEAD-Hje fusion protein so that Hje would be 
complexed with SLX4 and accessible to whatever intermediates the SLX4 complexes are 
normally responsible for cutting in BLM knockdown MEFs (Castor et. al. 2013). While 
informative, these experiments still have their shortcomings. (1) The resolvases rescue 
abnormalities but they do so in the background of several mutations, and thus alternative 
pathways could be employed in this context, leaving the wild type intermediate in mitotic cells 
still unknown. The generalization that resolvases simply cleave HJs missed by BLM fails to 
acknowledge several other data that point to a role for SSEs in the presence of BLM. In human 
cells, SLX4- GEN1- cells are synthetically lethal, indicating an essential role for SSEs even in the 
absence of damage and in the presence of BLM. In flies, mus81 Gen mutants display increased 
apoptosis (Andersen et. al. 2011). (2) These studies are complicated by the fact that many of the 
 112 
prokaryotic endonucleases used for rescue experiments have activity on structures other than HJs 
as well (see introduction for a review of resolvases), and therefore the true activity of the 
endonuclease in vivo is unknown. (3) Many of these rescue experiments utilize overexpression of 
the prokaryotic resolvase instead of the endogenous promoter of an applicable SSE (Garner et. 
al. 2013)(Boddy et. al. 2001)(Doe et. al. 2000).  
Determining DNA intermediates in flies 
The Drosophila system provides a unique and unprecedented approach for determining 
the DNA intermediates in a more wild type setting. We can take advantage of the fact that Gen is 
the primary endonuclease for repair in mitotic cells, and consequently, single mutations in Gen 
allow for clear studies of (1) the primary endonuclease of repair and (2) the Gen enzyme. First, 
in other species where Mus81 is the primary endonuclease over Gen, but it is difficult to study 
the role of this primary endonuclease because Mus81 as it exists as a heterodimer (with non-
catalytic Mms4/Eme1) or in complexes with other SSEs (see SLX4 complexes in Chapter 1).  
Therefore, our genetic studies of the primary endonuclease in flies (Gen) are uncomplicated by 
the fact that Gen exists as a monomer, with no other catalytic binding partners. Second, the 
understanding of Gen orthologs in other species has been hindered by the need to work in Mus81 
mutant backgrounds in order to see observable DNA repair defects. As mentioned above, one of 
the biggest challenges to understanding DNA intermediates of repair is the fact that the 
endonucleases can cleave multiple different branched substrates; and therefore, the biological 
function of the endonuclease has not been fully elucidated. If we were able to limit the substrate 
specificity of Gen, then we could more precisely determine what intermediates are being cleaved 
in different repair pathways.  
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 Currently, my undergrad mentee, Caitlin Moffatt, is working on a project that will help to 
elucidate the identity of the intermediates of repair that Gen cleaves by limiting the types of 
substrates that Gen can cleave. A comparison of substrate specificities across tested Gen 
orthologs shows a correlation between the helical clamp and ability to cleave different branched 
structures (Figure 2.23) and this region of the protein in XPG protein family members has been 
shown to be important in dictating the substrate specificity. Specifically, the helical arch and 
identity of the cap restrict FEN1’s cutting to those substrates with a free single-stranded 5’ end of 
DNA from which to load (Tsutakawa & Tainer 2011). Thus, FEN1 orthologs cleave only 5’flaps, 
bifurcated flaps and splayed arms. Analyzing the helical arch and cap of human GEN1 which 
encompasses part of the dimerization interface, we note that some of the residues are either 
missing or not conserved when compared to HsFEN1. These changes perhaps allow for the 
flexibility necessary for HJ cleavage. Interestingly, Chaetomium thermophilum GEN1 crystal 
shows that this ortholog is missing most of the helical arch and cap, and was reported to only 
cleave HJs (Freeman et. al. 2014)(Liu et. al. 2015). However, a personal communication from 
David Lilley shared that in the presence of K+, CtGEN1 can cleave 5’flaps which is in 
agreement with FEN1 studies showing the role of K+ in DNA binding (Tsutakawa & Tainer 
2011). In light of these data, Caitlin is creating a DmGen mutant with the helical arch and cap 
sequence of HsFEN1 replacing the endogenous arch and cap sequence of DmGen (DmGen 
residues 76-128 swapped with HsFEN1 residues 92-144). We predict that this chimeric protein, 
called DmGen-FEN1-helix-swap, will cleave only 5’flaps and splayed arms like wild type 
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HsFEN1. 
 
Figure 4.1 Overlays of Gen helix-swap models. MacPymol (Schrödinger LLC) generated alignments 
(A)DmGen1-518 model (magenta) aligned to FEN1-helix-swap model (DmGen residues 76-128 
swapped with HsFEN1 residues 92-144) (light pink) generated by SWISS-MODEL (Computational 
Structural Biology Group at the SIB Swiss Institute of Bioinformatics at the Biozentrum, University of 
Basel.) (B)  FEN1-helix-swap model (light pink) aligned with FEN1 crystal structure (PDB: 38Qk; 
Tsutakawa et. al. 2011) 
 
Similar experiments were performed with protein family members, FEN1 and XPG from 
humans. XPG contains a large insertion between the N and I nuclease domains and it cleaves the 
same structures as FEN1, but also bubbles (O'Donovan et. al. 1994). The Scharer lab created a 
mutant of FEN-1 containing this XPG insertion and tested for a change in substrate specificity in 
the chimeric protein (Hohl et. al. 2007). The FEN1XPG showed an intermediate cleavage 
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phenotype in that it cut bubbles (albeit only slightly better than wild type FEN1) and had 
decreased rates of cleavage on the flap substrates. Studies in vivo also showed an intermediate 
phenotype for survival following UV damage in XPG null cells overexpressing FEN1XPG.  
We will express and purify the DmGen-FEN1-helix-swap from E. coli and test our 
substrate specificity hypothesis in vitro to determine whether this swap will prevent the cleavage 
of HJs Following confirmation of substrate specificity, we will create a transgene of this mutant 
using the CRISPR/Cas9 system at the endogenous locus in flies. In this way, we will be able to 
ensure that DmGen-FEN1-helix-swap is expressed at the appropriate levels/times and with the 
correct modifications. If this mutant is able to successfully replace Gen and the flies are viable 
and fertile, this result will already provide unprecedented information on the role of Gen in a 
wild type setting. Furthermore, we can test the DNA damaging agent sensitivities of the mutant 
to determine within which pathways are the resolvase activity of Gen dispensable. Again, these 
experiments have the potential uncover the identity of DNA repair intermediates in vivo in higher 
eukaryotes, an area of understanding that is quite lacking in the repair field. 
Alternative roles for SSEs in repair 
As mentioned above, there are several opportunities within repair that SSEs could act 
even in the presence of BLM, and lethality/ increased apoptosis data when more than one 
endonuclease is mutated in higher eukaryotes argues that these enzymes play an essential role in 
unperturbed cells (Andersen et. al. 2011)(Garner et. al. 2013). Here, I will present a few 
alternative ideas on the interplay between helicases and endonucleases and the intermediates they 
process. 
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Figure 4.2 Alternative substrates for structure selective endonucleases during recombination. 
Similar to the current recombination model of Figure 1.1, this model highlights (blue dotted ovals) 
substrates for SSEs that arise during processing. (A) Recombination begins with a double strand break 
(orange helix DNA) that will be selectively repaired off of either the sister chromatid in mitosis (green 
helix DNA; left) or the homologous chromosome in meiosis (green helix DNA; right). (B) If synthesis off 
of the D-loop stretches beyond resection, then annealing will lead to either 3’ or 5’ flaps that could be 
cleaved by SSEs or exonucleases. (C) During strand invasion and synthesis off of the D-loop, several 
structures arise that could be cleaved such as double flaps (bifurcated DNA), 5’flap-like DNA, and 
splayed arm (SA)-like DNA. This cleavage could be selected for by helicases like BLM and FANCM. 
(D) Synthesis without ligation yields a double nicked HJ intermediate that could be cleaved to produce 
exclusively crossovers. (E) Ligation of the nicked double HJ forms the canonical double HJ intermediate 
that can be dissolved by the BLM-Top3α-RMI1/2 (BTR) complex or (F) resolved by resolvases. In 
mitotic recombination (homologous recombination), pathways (B-C, E) could be favored, whereas in 
meiotic recombination, pathway (D) would yield exclusively crossovers. 
 
Biased cleavage of HJs to form non-COs or other non-HJ intermediates 
In repair, DNA intermediates arising from strand exchange that generates a displacement-
loop (D-loop) resemble flaps or nicked HJs, and these intermediates have many potential 
advantages over a canonical HJ as substrates for SSEs (Figure 4.2). First, flaps or nHJs would 
presumably be an earlier intermediate in repair, and further synthesis and ligation would require 
additional energy (Figure 4.2B-D). Second, flaps or nHJs only require one nuclease domain for 
cleavage and could explain why eukaryotic “resolvases” are predominantly monomers or 
heterodimers with only a single catalytic subunit. These points suggest that there may be 
mechanisms to avoid formation of HJs in favor of less complex intermediates. Nonetheless, 
intact HJs may accrue if repair intermediates are not processed fast enough such that further 
synthesis and ligation occurs (Figure 4.2E-F), or if blocked replication forks are regressed 
(Neelsen et. al. 2015). Even so, the biological presentation of these intact HJ may be very 
different from the synthetic in vitro HJs used for testing cleavage activity. In vivo, intact HJs may 
be opened by helicases or ssDNA binding proteins, and consequently resemble the splayed arms 
or bubbles studied in vitro. Such intermediates have been proposed to explain the requirement 
for the Blm helicase to make meiotic COs in C. elegans meiosis (Agostinho et. al. 2013). If dHJs 
are intermediates outside of meiosis, the orientation of their cleavage determines whether the 
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final product will be a CO or non-CO. Presumably, it is thought that the orientation of cleavage 
is completely random, and thus, a 50-50 probability of creating a CO or non-CO product (again 
from studies in meiotic recombination that have been applied to DSBR (Dayani et. al. 2011). 
However, this is not an accurate assumption, given data of phage and bacterial resolvases 
binding and orienting HJs in a specific orientation (Sharples 2001). In addition, a biased cleavage 
of HJs was noted in our own experiments (Chapter 2, see methods). Furthermore, is it not 
unrealistic to propose that DNA binding proteins may act as either a physical marker for directed 
cleavage or could distort a junction so as to bias cleavage. If this is the case, using only CO 
formation as a readout for resolvase activity may be overlooking a role of resolvases in non-CO 
formation. I propose that BLM (and perhaps the FANCM helicase) could potentially act not only 
as a helicase to create simpler structures like flaps (from SDSA) and splayed arms (from 
replication fork processing) for SSE cleavage, but perhaps BLM could also mark HJs for biased 
cleavage to ensure non-CO products. To test this hypothesis, SSE mutants could be tested in our 
Drosophila SDSA assay and the tract lengths of repair could be analyzed and compared to wild 
type (Kurkulos et. al. 1994). Another idea could be that BLM, FANCM and/or other proteins 
may act to wedge open an intact HJ, thus making the intermediate resemble more of a bubble 
structure. Electron microscopy visualization of HJs often shows an open junction and 
interactions of FEN1 and MUS81 with BLM have been characterized in human cells and shown 
to increase the activity of each endonuclease (Sharma et. al. 2004)(Zhang et. al. 2005). Yeast 
two-hybrid experiments to test for an interaction between Drosophila Gen and BLM or Mus81 
and BLM would be an initial step in determining if these interactions occur in flies. Accordingly, 
I propose that during damage repair, canonical resolvase activity of Mus81 and DmGen 
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orthologs on intact HJs may be a backup or failsafe to resolve intact HJs if they accumulate, but 
the primary role of these endonucleases are to cleave other structures that arise. 
Evolution of resolvases 
HJ resolvases were first identified from bacteriophage and E. coli. In phage resolvases 
displayed activity on a variety of branched DNA substrates, such as Y structures, flaps and HJs 
(Kemper et. al. 1990). The broad substrate range of phage resolvases is functionally relevant 
because these genes ensure correct packaging of DNA into capsid heads and allow for 
recombination of DNA into host bacterial chromosomes (Sharples et. al. 2001). Bacteriophage 
generally lack helicases and topoisomerases that could facilitate unwinding of these structures 
(Sharples et. al. 2001). Conversely, RuvC, a bacterial resolvase, shows strong preference for HJs 
over other branched structures Connolly & West 1990)(Connolly et. al. 1991)(Sharples & Lloyd 
1991)(Dunderdale et. al. 1991)(Isasaki et. al. 1991)(Takahagi et. al. 1991. RuvC mutants are 
sensitive to UV and MMC damage and display a slight reduction in bacterial recombination. 
This heightened preference for HJ structures over other branched DNA may be explained by the 
fact that unlike phage, which rely on replication machinery of host cell, bacteria replicate and 
repair DNA utilizing endogenous proteins and it could be disadvantageous to have enzymes 
capable of cutting replication fork-like DNA. Previous studies have proposed that resolvases 
may only be necessary in species with circular DNA and/or those lacking helicases and 
topoisomerases (Sharples 2001). Questions remain regarding the evolution of gene typically 
described as “HJ resolvases”. MUS81 and XPF (Mei-9) evolved from Hef, an archaeal protein 
that cleaves 3-armed structures, but not HJs (Komori et. al. 2002). The FEN1 family of proteins 
seems to have evolved from the exo domain of bacterial polymerase. So did family member 
GEN1 evolve an essential activity to cleave HJs? Or are strict resolvases like Hje evolving to 
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cleave additional substrates? What is the evolution of RuvC and why are the resolvases so 
diverse in protein sequence and active site domains?  
Conclusion: The end of the RuvC era? 
The RuvC paradigm has undoubtedly driven the fields of DNA repair and recombination 
forward, but now it is clear that the simpler systems of bacterial repair and recombination do not 
serve well to describe the complexities and redundancies observed in higher eukaryotes. Great 
strides have been made in understanding the role of eukaryotic nuclear “resolvases”, or more 
accurately termed structure-selective endonucleases (SSEs) in DNA damage repair and 
recombination. Still many unknowns remain, and trying to elucidate a gene with identical genetic 
and biochemical properties as RuvC now seems quite limiting and biasing for our studies. 
Likewise, the fluidity of combining results from both meiotic and homologous recombination 
across organisms have done well to advance our understanding of these processes, but the field is 
at point now where it now has the tools and, consequently, the breadth of data to critically 
discern pathways. Not only are we seeing far greater understanding in the intersection and 
critical decision points of genome stability, but also species-specific variables of pathways. Our 
data presented here implicate other branched structures in DNA repair and recombination, and 
suggest a thorough investigation of the presence of these structures in vivo. 
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